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Preloading coupled with Prefabricated Vertical Drains (PVDs), is a viable ground 
improvement technique for the stabilization of soft clay deposits. Vertical drains plays an 
important role in accelerating consolidation by reducing the drainage path for the 
dissipation of pore water. The design of vertical drain system, i.e. arriving at the spacing 
between the drains is critical for the economy and time of the preloading projects. The 
most important design parameter pertaining to radial flow of water (in the presence of 
vertical drains) is the coefficient of horizontal consolidation, ch. Accurate estimation of 
ch, is essential for the rational design of vertical drain system. Therefore, laboratory 
determination of ch is explored in the present investigation. Radially in and radially out 
consolidation tests were conducted using Rowe's hydraulic consolidation cell and 
conventional consolidation cell with suitable modifications. Stress distribution and pore 
water pressure dissipation of a radial consolidation problem is analysed through 
experimental and numerical analysis. Based on test results, radially inward flow test 
towards a central sand drain is recommended for laboratory determination of ch using 
conventional consolidation cell, with drain spacing ratio, n, of atleast 10. The outward 
radial flow consolidation test using porous plastic peripheral drain is not recommended 
for ch determination as the results were heavily affected by side wall friction due to 
plastic peripheral drain and the ch values are low compared to those determined by inward 
radial flow test. 
In preloading projects, surcharge preloading or vacuum consolidation is generally 
adopted. The properties of clay after surcharge or vacuum preloading should be assessed 
as it indicates the overall improvement attained. Hence, engineering properties of soft 
clay such as undrained shear strength, permeability, consolidation characteristics and 
microstructure and resistance under cyclic loading after vacuum consolidation are 
determined and compared with soil after conventional surcharge preloading. From the test 
results, it was found that the preloading of soft clay using vacuum consolidation 
technique did not produce any appreciable changes in the consolidation properties like 
compression index (Cc), recompression index (Cr), coefficient of consolidation (cv) and 
secondary compression index (cα). However, the vacuum preloaded samples showed 
slightly higher preconsolidation pressure compared to the corresponding surcharge 
preloaded samples. The surcharge preloaded sample showed higher anisotropy in 
permeability compared to the corresponding vacuum preloaded sample. Vacuum 
preloaded samples showed slightly higher undrained shear strength in the vertical 
direction compared to the corresponding surcharge preloaded samples. Vacuum preloaded 
samples showed significantly higher undrained shear strength in the horizontal direction 
compared to the corresponding surcharge preloaded samples. Both vertical and horizontal 
vacuum preloaded sample produced lesser pore pressure build up under cyclic loading, 
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compared to the corresponding surcharge preloaded sample, which in turn implies better 
performance of vacuum preloaded soil under cyclic load compared to surcharge preloaded 
samples. For lesser preconsolidation stress, vacuum preloaded soil showed more of 
flocculated structure and surcharge preloaded soil showed more of dispersed structure. 
The soft clay deposits are not always uniform and thin layers of sand seam may be 
present between clay layers. In vacuum preloading projects with PVDs, if there are sand 
seam or any other highly permeable layer at the bottom boundary, PVDs are partially 
penetrated into the clayey deposit, to avoid vacuum pressure loss. The optimum depth of 
penetration of PVDs in such scenario is not clearly understood. Centrifuge modelling 
technique was therefore employed to investigate the behaviour of soil deposit underlain 
by sand seam and subjected to vacuum preloading. Three dimensional finite-element 
analysis of the centrifuge model tests of soil deposit with sand seam beneath the PVDs 
subjected to vacuum preloading were carried out so as to get more insights. Three 
dimensional  numerical analysis were also performed to study the effect of permeability 
and drain spacing ratio, n, on the optimum penetration depth of PVDs in clay under 
vacuum preloading and with sand seam. From the study, it was found that to get 
maximum settlement in a clay deposit, the PVD should penetrate as deep as possible. 
Also, to get maximum settlement with sand seam beneath the PVDs, the drains spacing 
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As the demand for land increases for infrastructure development, the engineers are made 
to construct even in problematic soils like soft clays. These soft clays have low bearing 
capacity and high settlement characteristics (Johnson,1970) which could pose challenging 
problems to construction engineers. The soft clay deposits cover large part of the earth 
surface including coastal areas, marshy lands, agricultural fields, offshore marine 
deposits, hydraulically filled reclamation sites, etc. Vast areas of Indian coastline have 
very thick deposits of soft marine clay and number of ports, industries, and other 
infrastructure facilities are being built along these coastline. If these grounds are not 
properly improved before construction, engineering problems such as excessive 
settlements and bearing capacity failures are inevitable. 
Construction on these soft clays can be done by adopting foundation alternatives like 
pile foundations or by soil improvement techniques. Adopting pile foundations works out 
to be costly if the soft clay deposit exists over large depth and covers large area. Soil 
improvement techniques is generally a better option and the appropriate selection of a 
particular soil or ground improvement method is subject to many factors such as the 
suitability of the technology for the soil to be treated, reliability, effectiveness, 
environmental friendliness, cost, time, etc. The ground improvement/modification 
techniques can be divided into three categories, viz; (1) mechanical modification, (2) 
physical and chemical modification and (3) hydraulic modification (Hausmann, 1990). 
Mechanical modification, including compaction, deep compaction, blasting, etc. is 
obviously unsuitable for fine-grained soils (Moseley and Kirsch, 2004) in which the pore 
water pressure takes up major component of the impact load rendering the effort 
ineffective. Its low shear strength also hinders the transmission of impact load through the 
soft soil skeleton. Chemical methods, including deep cement and lime mixing and 
grouting, are expensive (depending upon the availability of technology) if the soft soil is 
thick and extends across a large area and it may pose environmental problems. Hydraulic 
modification is a viable option which involves draining the pore water in fine-grained 
soils resulting in gain of shear strength. The most common soil improvement technique 
2 
 
under  hydraulic modification is the preloading technique (surcharge or vacuum) with 
vertical drains.  
1.2 PRELOADING 
Preloading technique coupled with the vertical drains is an effective ground improvement 
technique for soft clays. The purpose of preloading is to reduce the water content of the 
soil so as to increase the shear strength and reduce the post construction settlements. 
When clay soil is loaded to a stress level beyond its pre-consolidation pressure (σ'vp) i.e. 
in the normally consolidated state, it will exhibit a large plastic volume change (slope Cc). 
The settlement of clay layer of thickness, H, due to pressure increment of 'z from the 
insitu stress of 0'  is given by the equation  















  (1.1) 
where Cc, is the compression index. 
But, when it is unloaded and reloaded subsequently within the stress levels below its 
pre-consolidation pressure, it deforms elastically and the void ratio change (∆e) and hence 
the volume change will be small (slope Cr) as shown in Figure 1.1. Then, the settlement 
of clay layer of thickness, H, is then given by the equation 
















  (1.2) 
Hence in order to reduce the post-construction settlement of soft ground, the work area 
is preloaded to a stress level equal to or higher than the anticipated working load and 
allowed to consolidate. Preloading can be achieved by the application of either surcharge 











σ'v     (log scale) 
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Fig. 1.1 Concept of Preloading. 
1.2.1 Vertical Drains in Preloading 
In order to achieve rapid pre-consolidation, vertical drains in the form of prefabricated 
vertical drains (PVD) are very often used along with the surcharge or vacuum preloading 
techniques. Vertical drains namely the sand drains (obsolete nowadays) or Prefabricated 
Vertical Drains (PVD’s) are used to reduce drainage path for pore water (as shown in 
Figure 1.2). These PVD’s consist of a drainage core with a geotextile filter wrapped 
around it. Without vertical drains, the water has to travel vertically up to reach the free 
surface and the consolidation period may be more. The vertical drains will reduce the 
drainage path by promoting the flow in the horizontal direction. The natural clay deposits 
generally possess anisotropy in permeability with horizontal permeability greater than the 
vertical (Al-Tabbaa and Wood, 1987). Prefabricated vertical drains (PVDs) take 
advantage of this property and thereby accelerate the consolidation process. The 
preloading technique assisted with vertical drains will ensure the homogeneous 











Fig. 1.2 Surcharge Preloading with Vertical Drains. 
The estimation of rate of settlement of the structure on the clayey soils is usually made 
using coefficient of vertical consolidation cv, obtained from oedometer tests on soil 
samples taken out from the ground with their axes vertical. This is applicable only if the 
drainage is predominantly in the vertical direction. But in case of preloading techniques 
with vertical drains (as shown in Figure 1.2) the flow is predominantly in the horizontal 
direction. Also the permeability of the soil is greater in the horizontal direction since the 
soils are typically laid down in horizontal layers. Hence the settlement calculation should 
take into account both the vertical and horizontal drainage of pore water. The most 
important parameter pertaining to radial flow of water in case of preloading projects is the 
coefficient of horizontal consolidation, ch. Hence, the laboratory estimation of coefficient 
of horizontal consolidation ch, is very much essential for the rational design of vertical 
drains and subsequently, the success of the preloading projects.  
1.2.2 Surcharge Preloading 
Application of surcharge in the form of soil embankments over the weak ground is the 
most widely used preloading technique called surcharge preloading (shown in Figure 
1.2). Due to the low permeability of clay, excess pore water pressure is generated as a 
result of rapid placing of soil fill. The excess pore pressure slowly dissipates when pore 
water is squeezed out along a direction with the largest hydraulic gradient towards the 
drainage boundaries such as a free water surface or permeable stratum. However, there 
are certain constraints in surcharge preloading technique. It requires heavy machinery for 
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transporting and placing the soil over the weak strata. The placement of surcharging fill 
has to be implemented slowly to avoid the generation of excess pore water pressure that 
leads to bearing capacity failure. The placement should also progress uniformly all over 
the plan area in order not to cause large lateral flows within the foundation soil. The 
placement and removal of surcharge fill may thus be expensive and/or time-consuming to 
satisfy the tight schedule of development projects. 
1.2.3 Vacuum Preloading 
Vacuum preloading technique is being used as a viable option which has several 
advantages over the conventional surcharge preloading. This method was first introduced 
by Kjellman (1952). The method found its first field application during the extension 
work at Philadelphia International Airport. In this form of preloading, the vacuum 
pressure is applied to the pore phase through a sealed membrane system. The vacuum 
creates negative pore water pressure in the soil and causes water to drain out from the 
soil. There is an increase in effective stress equal to the magnitude of the induced 
negative pore water pressure, without the increase of total stress. Schematic illustration of 

















The stages in vacuum assisted consolidation project involve  
1. Placing a drainage blanket of 0.5 m thickness above the soft ground in order to 
provide a working platform. 
2. Installation of vertical drains through the sand blanket. 
3. Installation of horizontal flexible pipes to link the PVDs to vacuum pump. 
4. Excavation of trenches around the perimeter of the preloaded area to a required 
depth below the ground. 
5. Installation of impermeable membrane over the area and sealing it along the 
peripheral trenches with bentonite slurry. 
6. Application of vacuum pressure using efficiencient vacuum pumps.  
The primary consideration for the effectiveness of the system includes air tightness of 
the system, effectiveness of the seal between the membrane edge and location of ground 
water level. The water table at the ground surface is most desirable because if the water 
table is at a greater depth, then most of vacuum applied will go towards raising the water 
table, resulting in a decrease in the expected effective stress. In vacuum preloading 
method, the vertical drains will help to distribute the vacuum pressures to the deeper 
layers and drain out water from the sub soil. Vacuum preloading with PVD substantially 
reduces the outward lateral displacement and potential shear failure (Indraratna et al., 
2005a). Therefore, the application of vacuum pressure with prefabricated vertical drains 
has been widely used in land reclamation projects to avoid the stability issues relating to 
the high surcharge embankment. 
The vacuum preloading technique has several advantages over surcharge preloading 
technique. Ground improvement with vacuum preloading does not require any fill 
material and there is no need of heavy machinery. Construction period is generally 
shorter. This method does not put any chemical admixtures to the ground; consequently, 
it is an environmental friendly ground improvement technique. The increase in effective 
stress under vacuum preloading is isotropic. Therefore, the corresponding lateral 
displacement is in the inward direction and there is no risk of shear failure (Chai et al., 
2005a; Qian et al., 1992; Rujikiatkamjorn et al., 2007). In addition, the bearing capacity 
of soil is nearly doubled in the case of soft clays and 70% of the total estimated settlement 
of design load will be eliminated (Lou et al., 1988). Field test using vane shear apparatus 
and penetrometer after vacuum preloading shows that the undrained shear strength of the 
soil is increased by 2-3 times and the water content of the vacuum treated soil has come 
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down considerably (Chu et al., 2005b). The overall cost of vacuum preloading is only 
about (2/3)
rd
 of that with surcharge preloading (Qian et al., 1992). Therefore this is an 
economical and feasible method of ground improvement technique. However, the 
maximum achievable vacuum pressure in the field is only about -80 kPa (Chai et al., 
2005a). 
1.2.4 Combined Surcharge and Vacuum Preloading 
The main difference in the ground movement in the two preloading techniques (surcharge 
preloading and vacuum preloading techniques) is the direction of lateral movement of the 
ground. The surcharge preloading technique will cause the outward lateral movement of 
the ground and will affect the stability of embankment. Vacuum preloading will cause the 
inward lateral movement of ground, create the cracks around the treated area and will 
affect the stability of the adjoining structures if any. A balance between these two 
techniques will help to minimize the lateral yield of soil (Rujikiatkamjorn et al., 2007). 
Hence, the combined surcharge and vacuum consolidation technique can be used as an 
effective method to optimize the soft clay foundation problems. In the combined 
preloading technique, the consolidation starts with an excess pore-pressure, equivalent to 
the applied surcharge pressure and ends with a negative pore pressure equivalent to the 
applied vacuum pressure (Mohamedelhassan and Shang, 2002). By using this method, the 
benefits of the two preloading techniques will be achieved effectively. The maximum 
achievable vacuum pressure in the field is about -80 kPa, so when a preload of higher 
magnitude is required, a vacuum pressure combined with fill surcharge is an ideal 
method. Therefore, the combination of vacuum and surcharge load can effectively shorten 
the preloading period, reduce the embankment height and counterbalance the excessive 
lateral displacement (Rujikiatkamjorn et al., 2007). 
1.3 NEED FOR THE STUDY 
The need for the present study are summarized in the following points.  
a) The ch of soil is determined by different methods and apparatus. The influence of 
sand drain diameter for inward flow test, the influence of peripheral drain for 
outward flow test on the values of ch and the comparison between the two different 
drainage boundary condition in the tests are not clearly addressed in literature. 
Also different consolidation apparatus like Rowe consolidation cell and 
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conventional consolidation cell are being used for the determination of ch. The 
influence of test type on ch is also not clearly known. 
b) Studies on engineering properties of the soil after vacuum consolidation is not 
clearly addressed in the literature. Detailed investigation on the improvement in 
engineering properties of soft clay after vacuum preloading method in comparison 
with surcharge preloading method is not available in the literature. 
c) Very little information is available in the literature on the behaviour of soft clay 
under vacuum preloading with partially penetrating drains in the presence of sand 
seams (two way drainage condition). Also, the deformation and pore water 
pressure dissipation of soft clay under vacuum consolidation using real scale 
models for the above is not clearly addressed in the literature. 
1.4 OBJECTIVES 
Based on the need for the study presented in the above section, the following objectives 
are arrived at. 
1. To carry out a comprehensive study on the laboratory determination of coefficient 
of horizontal consolidation, ch, by performing radially-in consolidation tests with 
different sand drain diameters and radially-out consolidation tests to a porous 
plastic peripheral drain, using Rowe's consolidation cell and conventional 
consolidation cell. 
2. To study the stress distribution and pore water pressure dissipation mechanism in 
the soil through experimental and numerical analysis for inward and outward 
radial flow consolidation tests. 
3. To study the engineering behavior of soft clays after vacuum consolidation, so as 
to understand its basic mechanism in comparison with surcharge preloading. 
4. To understand the settlement and pore water pressure dissipation mechanism of a 
partially penetrating drain problem (in the presence of sand seams) under vacuum 
preloading and to find the optimum penetration depth of PVDs in soft clay (with 
sand seam) under vacuum preloading through centrifuge model tests and 
numerical analysis.  
Most of the experiments in the present investigation are carried out using kaolinite 
clay. Few experiments in the present investigation are carried out using IIT Madras lake 




1.5 ORGANISATION OF THE THESIS 
The thesis is organized into seven chapters. The methodology adopted to meet the 
objectives are appropriately explained in the relevant chapters. This chapter (Chapter 1) 
gives an introduction of the thesis followed by Chapter 2, which reviews the literature 
relevant to the present study.  
State of the art related to laboratory determination of horizontal coefficient of 
consolidation, ch, the mechanism of vacuum preloading and experimental studies to 
understand the behaviour of soft clay under vacuum preloading is reviewed in Chapter 2. 
Also in Chapter 2, the studies related to centrifuge model testing of soft clay under 
vacuum preloading and the numerical modelling of the vacuum consolidation is reviewed. 
The literature relevant to preloading techniques, issues related to PVDs and theories on 
radial consolidation problem is also reviewed in the Chapter 2.  
Chapter 3 deals with the laboratory determination of coefficient of horizontal 
consolidation, ch, the very important parameter required for the design of prefabricated 
vertical drains. The influence of vertical sand drain diameter on the laboratory 
determination of, ch, is brought out in this chapter through inward radial consolidation 
using Rowe consolidation cell. Also, the results of consolidation tests under radially 
inward flow and radially outward flow, determined using Rowe consolidation cell are 
compared. The results obtained from Rowe cell under radially inward flow is compared 
with those obtained from the modified one-dimensional consolidation cell. Two field 
studies were also included in this chapter. 
In Chapter 4, the experimental studies carried out to understand the stress distribution 
and pore pressure dissipation during consolidation of clay under radial drainage (either 
inward flow towards the central sand drain or outward flow towards the porous peripheral 
drain) is presented. Also in Chapter 4, to gain more insights into the stress distribution 
and pore water pressure dissipation behaviour of soil under radial consolidation, 
numerical analysis of the same problem were carried out using the finite element code 
ABAQUS. 
Chapter 5 presents the experimental studies carried out to understand the engineering 
properties of soil like undrained shear strength, permeability, consolidation characteristics 
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and microstructure and resistance under cyclic loading after vacuum consolidation. Also, 
to understand the improvement of soil by vacuum preloading, the results from the vacuum 
preloading tests are compared with those from the conventional surcharge preloading and 
are presented in Chapter 5.  
Chapter 6 details the two centrifuge model tests that were carried out to understand 
settlement, pore water pressure dissipation and vacuum distribution in the soil under 
vacuum preloading with sand seam beneath the PVDs. These centrifuge model tests were 
in-turn used to arrive at the optimum penetration depth of PVDs under vacuum 
preloading with sand seam beneath the PVDs through numerical analysis. Chapter 6 also 
presents the numerical analysis of the centrifuge model tests using the finite element code 
ABAQUS. Three dimensional finite element analysis was carried out to arrive at the exact 
value of optimum penetration depth of PVDs in clay with sand seam under vacuum 
preloading and calibrated against the results of centrifuge modelling. Parametric studies 
were also performed to study the effect of coefficient of permeability and drain spacing 
ratio, n on the optimum penetration depth of PVDs in clay with sand seam under vacuum 
preloading. Also, the suitability of the axi-symmetric finite element model to simulate the 
settlement and pore water pressure dissipation of soil deposit with sand seam beneath the 
PVDs subjected to vacuum preloading was analysed in Chapter 6. 
The summary and conclusions arrived at from the current research work are 




Preloading coupled with Prefabricated Vertical Drains (PVDs), is a viable ground 
improvement technique for the stabilization of soft clay deposits. Several factors 
influence the performance of preloading schemes. Many studies are available in the 
literature that address various aspects. In this chapter, a detailed review of the literature 
on the topics relevant to preloading technique is presented. Some of the topics covered 
are vertical drains, determination of horizontal coefficient of consolidation, ch, laboratory 
studies and case studies relevant to vacuum preloading technique in addition to studies on 
the mechanism of vacuum preloading. Literature survey also include the studies on 
physical and numerical modelling of vacuum preloading technique. 
2.2 VERTICAL DRAINS 
The concept of preloading, the brief description about vertical drains, surcharge 
preloading and vacuum preloading were presented in the introductory chapter. The 
following sections cover more detailed description about the vertical drains. 
2.2.1 Brief History of Vertical Drains 
According to Pilot (1981), the concept of the principle of vertical drains was known by 
Moreau in 1832, but the method was first used practically in the 1920s. Two different 
vertical drainage methods were developed independently of one another, namely the sand 
drain method by Moran in 1925 (Johnson, 1970) and the cardboard-drain method by 
Kjellman in 1937 (Kjellman, 1948). Moran in 1925 (Johnson, 1970) first proposed that 
sand drains can be used for stabilizing the mud foundation beneath a bridge approach in 
California. The first actual sand drain installation was designed by Porter (1936) for a 
road embankment in California. The installation was made in 1934. In the early 1940s, a 
large number of sand drain installations have been carried out, mainly in the United States 
of America, to increase the stability and/or accelerate settlement of highways, airfields, 
building foundations, cofferdams, earth-dams and excavations. These sand drain 
installations were designed on empirical basis because theoretical design procedures were 
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not available at that time. Kjellman's first approach in 1930s included vertical fiber tubes, 
before he eventually tried thin, rectangular cardboard wicks, which served as the 
prototype of the paper-plastic drains which are used today. Subsequently, several types of 
prefabricated band drains were developed such as: Geodrain (Sweden), Alidrain 
(England), Mebradrain (Netherlands) etc. Sand drain, which is simply a borehole filled 
with sand, does not only provide good drainage, but also reinforces the soft foundation. 
Sand compaction piles provide significantly increased stiffness to soft compressible soils. 
However, sand drains are susceptible to damage due to lateral ground movement. 
Although sand drains were widely used until the early 1970’s, presently, PVDs have 
almost totally replaced the conventional sand drains throughout the world. 
The prefabricated vertical drains can be installed using either a static or dynamic 
method. In the static procedure, the mandrel is pushed into the soil by means of a static 
force. In the dynamic method of installation, the mandrel is driven into the ground using a 
vibrating hammer or a conventional drop hammer. Static pushing is preferable for driving 
the mandrel into the ground, whereas the dynamic methods may create higher immediate 
excess pore water pressure leading to greater disturbance of the surrounding soil during 
installation. The degree of disturbance during installation depends on several factors such 
as the mandrel size, mandrel shape and soil micro fabric. 
Vertical drains are applicable for moderate to highly compressible soils, which are 
either normally consolidated or lightly over consolidated, and for stabilizing a deep layer 
of soil having a low permeability. These soils include organic and inorganic silts and clay 
with low to moderate sensitivity, varved cohesive soils and decomposed peat. The vertical 
drains are particularly efficient where the clay layers contain many thin horizontal sand or 
silt lenses (micro layers). However, if these micro layers are continuous in the horizontal 
direction, the installation of vertical drains may not be effective, since rapid drainage of 
the pore water out of the soil layers may occur through the horizontal micro layers (Pilot, 
1981). In this case, wells for pressure relief in the sand layer might be more appropriate.  
2.2.2 Theory of Vertical Drains 
As mentioned earlier, vertical drains are used to shorten the drainage path. The natural 
clay deposits generally possess anisotropy in permeability with horizontal permeability 
greater than the vertical (Rowe, 1959; Al-Tabbaa and Wood, 1987). Vertical drains take 
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advantage of this property and thereby accelerate the consolidation process. Figure 2.1(a) 
shows a typical unit cell within a network of vertical sand drains of triangular pattern, in a 
clay stratum of thickness h, and Figure 2.1(b) shows the cross section of the unit cell of 
diameter de. At the center of the unit cell is a drainage well (sand drain) of diameter dw. 
 
Fig. 2.1(a) Typical Unit Cell Within a Network of Vertical Sand Drains and (b) Typical 
Unit Cell (Robinson, 2009). 
Barron (1948) presented the most comprehensive solution to the problem of radial 
consolidation by drain wells. Barron’s theory (Barron, 1948) is widely used for the design 
of vertical drain systems because of its simplicity and ease of use. He developed solutions 
for two types of boundary conditions such as:  
 (i) “free strain,” resulting from a uniform distribution of surface load and 
(ii) “equal strain,” which results from imposing same settlement at all points on 
the surface. 
The consolidation of clay is related to the dissipation of excess pore water pressure 
generated due to the surcharge load on the surface. For the radial consolidation problem 
with sand drain at the centre, the governing differential equation for the excess pore water 
pressure u(r, t) in the clay at radius r is given by 
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in which, n is the drain spacing ratio given by 
Diameter of Influence ( )
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Where, Tr is the time factor and ch is the coefficient of horizontal consolidation. Barron 
(1948), also considered the influence of well resistance and smear on the consolidation 
process due to vertical well drains. Barron (1948) also showed that the average degree of 
consolidation predicted by the free strain solution is numerically similar to that predicted 
by equal strain solution. As a result, equal strain solution is often used for its simplicity. 
Hansbo (1981), modified the equations developed by Barron (1948), for prefabricated 
vertical drain based on the equal strain hypothesis by taking both smear and well 
resistance into consideration. The modified expression of average degree of consolidation 
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Where n s r      . n  is the additive effect due to the spacing of vertical drain, s
is the effect of smear, r is the effect of well-resistance. For convenience,  can be given 
by 











 , hk is the permeability of clay in the undisturbed zone and sk is the 
permeability of clay in the smear zone. 
When vertical drain was used, the consolidation takes place not only in the radial 
direction, but also in the vertical direction. To take this into account, Carrillo (1942), 
developed an expression for overall degree of consolidation and is given by 
    1 (1 )(1 )h vU U U        
(2.8) 
Where hU  is the average degree of consolidation due to horizontal drainage, and vU  is 
the value contributed by vertical drainage.  
2.2.3 Prefabricated Vertical Drains (PVDs) 
PVDs are usually composed of a plastic core with a longitudinal channel surrounded by a 




Fig. 2.2 Photograph of Prefabricated Vertical Drain. 
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The most common band shaped drains have dimensions of 100mm x 4mm.The filter 
(sleeve) is made of synthetic material with a high resistance to clogging. The filter sleeve 
of the PVD have two basic but contrasting requirements, which are retaining the soil 
particles but at the same time allowing the pore water to pass through it to the PVD core. 
The foremost requirement of the core is that they must conduct the water freely through 
them and must be strong enough to resist the tension and the wear and tear which takes 
place during drain installation.  
Equivalent Drain Diameter for Band Shaped Drain 
Barron’s theory assumes that the vertical drains are circular in cross section, but PVDs 
are rectangular in cross section. Therefore, PVDs needs to be converted to an equivalent 
circular diameter, which implies that the equivalent diameter of a circular drain has the 
same theoretical radial drainage capacity as the band shaped drain. Kjellman (1948) 
stated, that the draining effect of a drain depends to a great extent on the circumference of 
its cross-section, but very little upon its cross-sectional area. Based on Kjellman's 
consideration, Hansbo (1981) introduced the equivalent diameter for a prefabricated 
band-shaped drain, given by  
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Where a and b are the width and thickness of the drain, respectively. 
Another study (Rixner et al., 1986) suggested that the more appropriate dw is given by  
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Where a and b are the width and thickness of the drain, respectively. 
2.2.4 Factors Affecting the Efficiency of PVDs 
Discharge Capacity (qw) 
An important property related to PVDs is the discharge capacity. Holtz et al. (1991), 





/year. The discharge capacity of PVD is a function of its filter permeability, core 
volume or cross section area, lateral confining pressure and drain stiffness controlling its 
deformation characteristics, etc. For long vertical drains that are vulnerable to well 
resistance, Hansbo (1981) and Holtz et al. (1988, 1991), pointed out that in the field, the 
actual reduction of the discharge capacity can be attributed to: (a) reduced flow in the 
drain core due to increased lateral earth pressure, (b) folding and crimping of drain due to 
excessive settlements, and (c) infiltration of fine silt or clay particles through the filter 
(siltation) resulting in clogging. Based on a number of experimental studies, Holtz et al. 
(1988), concluded that as long as the initial discharge capacity of PVD exceeds 100-150 
m
3
/year, some reduction in discharge capacity due to installation will  not seriously 
influence the consolidation rates. However, discharge capacity qw can fall below this 
desired minimum value due to the reasons mentioned earlier. For PVDs affected by 
significant vertical compression and high lateral pressure, qw values may be reduced to 
25-100 m
3
/year (Holtz et al., 1991). 
Smear zone 
The installation of vertical drains by means of a mandrel causes significant remoulding of 
the subsoil especially in the immediate vicinity of the mandrel. Thus, a zone of smear will 
be developed with reduced permeability and increased compressibility. In varved soils, 
the finer and more impervious layers will be dragged down and smeared over the more 
pervious layers, resulting in a zone of reduced permeability in the soil adjacent to the 
drain periphery. As remoulding retards the consolidation process of the subsoil, it is often 
considered in any theoretical solution. Barron (1948) suggested the concept of reduced 
permeability, which is equivalent to lowering the overall value of the coefficient of 
consolidation. Hansbo (1979) also introduced a zone of smear in the vicinity of the drain 
with a reduced value of permeability. Both Barron (1948) and Hansbo (1981) modelled 
the smear zone by dividing the soil cylinder dewatered by the central drain into two 
zones. 
Jamiolkowski et al.(1981) proposed that the diameter of the smear zone(ds) and the 
cross sectional area of mandrel can be related as follows: 






d      (2.11) 
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where dm is the diameter of the circle with an area equal to the cross sectional area of the 
mandrel. Based on the results of Holtz and Holm (1973) and Akagi (1979), Hansbo 
(1987) proposed another relationship as follows: 
     
2s md d       (2.12) 
Indraratna and Redana (1998) proposed that the estimated smear zone is about 3-4 
times the cross-sectional area of the mandrel. The proposed relationship was verified 
using a specially designed large-scale consolidometer (Indraratna and Redana, 1995).  
According to Hansbo (1987) and Bergado et al. (1991), the anisotropy in permeability 
(kh/kv) in the smear zone is close to unity, which is in agreement with the results of 
Indraratna and Redana (1998). 
Well resistance 
The resistance to the water, flowing in the vertical drains is known as the well resistance. 
The well resistance increases with the increase in the length of the drain and reduces the 
consolidation rate. Well resistance retards the pore pressure dissipation, hence, retards the 
settlement. The three main factors, which increase of well resistance, are the deterioration 
of the drain filter (reduction of drain cross section), passing of fine soil particles through 
the filter (reduction of drain cross section) and folding of the drain because of large 
settlement or lateral movement. However, these aspects are still difficult to quantify. 
Hansbo (1979, 1981), presented a closed form solution, which includes the effect of well 
resistance on drain performance. 
2.3 COEFFICIENT OF HORIZONTAL CONSOLIDATION 
The standard design procedure in the past has been to base the estimates of both 
horizontal and vertical consolidation rates on the coefficient of vertical consolidation, cv, 
measured vertically in the standard laboratory oedometer test. For ch, the soil specimen 
extruded in the horizontal direction is rotated through 90 and tested in the conventional 
oedometer (Hansbo, 1960). IS 15284-Part 2 (2004), recommends the use of specimens cut 
in horizontal direction for determining ch. Also it recommends the estimation of ch 
indirectly from the realistic evaluation of ratio of horizontal to vertical permeability in the 
field or in the laboratory. The consolidation data obtained from the test conducted on 
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horizontally cut specimen is not accurate as the loading direction and flow directions are 
the same, against the radial consolidation when vertical drains are used. Also, finding 
permeability ratio and cv to estimate ch requires two tests. Therefore, it is essential to 
perform tests under radial drainage to determine ch. 
2.3.1 Laboratory Studies on Determination of Coefficient of Horizontal 
Consolidation, ch 
The influence of direction of drainage other than parallel to the axis of the sample was 
first investigated in the triaxial cell using filter paper drains (Bishop and Henkel, 1957). 
Rowe (1959), presented a series of tests conducted using Whatman No. 54 filter paper 
drains, as suggested by Bishop and Henkel (1957). The value of coefficient of 
consolidation was calculated assuming that the drains were fully effective in draining the 
excess water. The results are not comparable with those obtained from oedometer cells 
and reason for this deviation as explained by the author is that the filter paper does not 
form a perfect drain when subjected to the cell pressure. The drains were placed in 
separate strips continuously round the circumference and were made to overlap the two 
porous platens. The pore pressures at the base plates took about an hour to dissipate after 
the top drain was opened. Further the author commented that while the use of these side 
drains accelerate the consolidation of triaxial samples before shearing, it is not suitable 
for accurate measurement of the coefficient of radial consolidation. 
Inward radial drainage in the Casagrande type oedometer was first investigated by 
Rowe (1959), by means of a model sand drain in conjunction with solid end platens 
sealed with silicone grease at the perimeter. Radial consolidation tests were run with 
vertical samples of 100 mm diameter and 50 mm in thickness in a single drainage 
oedometer cell fitted with pore-pressure points at the base. A 10 mm diameter central 
column was formed down the axis of the sample which was then inserted in the 
consolidation cell flooded with de-aired water. Sand, boiled under water, was poured into 
the drain. The sample was capped with a solid platen having a drainage connection in the 
centre over the sand drain. Silicon grease was smeared over the circumference of the top 
platen to prevent leakage along the periphery. The top drain was opened and the rates of 
pore-pressure change and sample deflection were observed. The coefficient of horizontal 
consolidation was calculated using Barron’s solutions for equal strain consolidation.  
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Hansbo (1960), carried out tests with drain spacing ratio (n) of 4 and drain diameters 
of 10 to 12 mm. Mica was used for the drain material in a preliminary series of tests 
because of its high compressibility. It was found, however, that the drain diameter got 
reduced during the test. The drain diameter also varied along its length. The tests were 
discontinued and sand was used for the drain material in the subsequent tests. In spite of 
the relatively large area of sand in these tests, no evidence of stiffening effect of the drain 
was noted. Hansbo observed that the results obtained using central drains agreed fairly 
well with those obtained by consolidation of slices of clay cut out in a vertical direction 
so that pore water escape in the oedometer is parallel to the clay strata. 
McKinlay (1961), used the standard oedometer suitably modified by the substitution of 
a porous ring instead of the standard solid ring so that the drainage can occur in horizontal 
direction towards the peripheral direction. Solid end platens were used instead of porous 
stones. The drawback of this method of test is the side friction along the interface 
between the soil and the porous ring. The magnitude of this shear and its development 
with strain and time will affect both the coefficient of compressibility and the horizontal 
coefficient of consolidation deduced from the test. 
Escario and Uriel (1961), reported triaxial compression test in which micaceous sand 
forms the radial drainage boundary. The sand has compressibility only slightly greater 
than the clay under test and will, therefore, result in the consolidation pressure being fully 
exerted on the clay soil. No attempt was made to prevent lateral yield of the sample. As 
the sample is under triaxial loading condition, the results of such tests may not be 
applicable to field situations. 
Shields and Rowe (1965), performed a series of carefully controlled inward radial 
consolidation tests on model sand drain installations. A new oedometer (Figure 2.3) was 
developed to study the influence of vertical sand drains on the apparent compressibility 
and coefficient of horizontal consolidation, ch. The diameter of the oedometer used varied 
from 3 inch (76.2 mm) to 10 inch (250.4 mm). The diameter of the central drain well was 
varied from1 inch (25.4 mm) to 7 inches (177.8 mm) to study the effect of sand drain on 
the apparent compressibility and coefficient of horizontal consolidation, ch. The results 
indicated that a stiffening effect is of importance in those models where the ratio of 
diameter of zone of influence of the well to well diameter (n) is less than 10. It was also 

















Fig. 2.3 Schematic of Oedometer (Shields and Rowe, 1965). 
the diameter of the oedometer, shows that the compressibility of the model is only 5% 
less than that of the clay without a drain. They reported that, when the diameter of the 
drain is less than 10% of the diameter of the oedometer, the compressibility of the model 
is only 8% less than that of the clay without a drain. They reported that the ch decreased 
with increase in drain diameter (Figure 2.4) with sample size remaining the same. This is 
not expected as there will be transfer of stress from soil to drain, which in-turn accelerates 
the consolidation process. But, they attributed this phenomenon to decrease in drainage 
path with increase in drain size with sample size remaining the same. It was concluded 
that, an accurate measurement of the coefficient of horizontal consolidation and 
settlement of clay sample can be made with the aid of a model sand drain, when the ratio 
of oedometer to drain diameter, n, is 20. It was also concluded that when the value of n is 
greater than 10, the influence of sand drain is less than 10 %. 
Rowe and Barden (1966), developed a hydraulic consolidation cell, popularly known 
as the Rowe cell (Figure 2.5) at Manchester University. Rowe cell differs from the 
conventional oedometer in that the test specimen is loaded hydraulically by water 
pressure acting on a flexible diaphragm instead of mechanical lever system. This 
arrangement enables specimens of large diameter (as big as 254 mm diameter) to be 
tested and allows for large settlements. The important features are the ability to control  
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Fig. 2.4 Effect of Drain Diameter on Measured ch (Shields and Rowe, 1965). 
 
Fig. 2.5 Schematic Diagram of Rowe Consolidation Cell (Head, 2006). 
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drainage and to measure pore water pressure during the course of consolidation tests. 
Several drainage conditions (vertical or horizontal) are possible and back pressure can be 
applied to the specimen. Eight types of consolidation tests (Figure 2.6) are possible with 
different combinations of drainage and boundary conditions (Head, 2006). Of these, 
consolidation with inward radial drainage towards a central sand drain (Figure 2.6(h)) or 
towards a porous plastic peripheral drain (Figure 2.6(f)) is mostly preferred for the 
determination of horizontal coefficient of consolidation in the horizontal direction, ch. 
Berry and Wilkinson (1969), highlighted that the soil permeability and the 
compressibility decrease during the consolidation process. In addition, the consolidation 
behaviour is influenced by the effects of structural viscosity, which are often very 
pronounced in laboratory samples. These variables modify considerably both the rate of 
settlement and the rate of dissipation of pore pressure. They extended radial consolidation 
theory to take account of a varying permeability and compressibility, non-linear structural 
viscosity and also smear at the drainage boundaries and hence to assess the errors in using 
laboratory ch values to predict field rates of settlement and dissipation of pore pressure in 
homogeneous clay. They concluded that the maximum effects of structural viscosity is 
present in an outward radial test under experimental test conditions of small diameter 
sample and small Δp/p0 and conversely, structural viscosity is a minimum (and may even 
be considered negligible) in the case of an inward radial test under large values of Δp/p0. 
They suggested that the prediction of the field behaviour may be simplified by carrying 
out laboratory tests on large diameter samples with large Δp/p0 in which case viscosity 
effects are essentially eliminated. 
Trautwein et al. (1981), developed a radial flow consolidation cell to be used with 
commercially available loading frames which can accommodate samples of 63 mm 
diameter and 50 mm height and performed series of tests (both inward and outward flow) 
on samples of sedimented kaolin. Samples used for inflow tests were provided with 13 
mm diameter sand drain, surrounded by a layer of filter paper to prevent soil intrusion. 
The drain was cut with a thin walled tube. For outflow tests a 3 mm thick porous plastic 
sleeve with a permeability of about 0.001 mm/s was used. Test results showed that ch was 
consistently larger for inflow tests than for outflow and the possible reason they 
concluded was that a smear zone might be formed in the soil next to the drain in the 




Fig. 2.6 Hydraulic Cell Tests with Different Drainage and Boundary Conditions (Head, 
2006)  
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Sridharan et al. (1996), conducted a series of consolidation tests with radial drainage 
using fixed ring oedometer (Figure 2.7). Consolidation rings of 60 mm diameter and 20 
mm height were used. Radially inward central drainage was provided by sand drains. 
Central holes in the soil mass were made with the help of thin, stiff, lubricated plastic 
tubes of outside diameter equal to the required diameter of the sand drain, i.e. 12.5 mm, 
which corresponds to n = 4.8. This value of n is lower than that suggested by Shields and 
Rowe (1965). The vertical drainage towards the porous base plates was avoided by 
inserting water proof rubber membranes with central holes of diameter equal to that of the 
sand drain at each end of the sample with their outer diameter more than that of the 
porous base plates to prevent possible vertical drainage at the outer periphery of the 
sample; thus, only radial drainage was ensured. The ch value was determined using a root 














Fig. 2.7 Schematic Diagram of the Apparatus Used for Conducting Radial Consolidation 
Test (Robinson, 2009). 
Juirnarongrit (1996), developed a Constant Rate of Strain (CRS) (Figure 2.8) 
consolidometer with radial drainage and established new equations based on Barron’s 
theory (1948) to determine the horizontal coefficients of consolidation for radial flow 
condition. The consolidometer consists of a base plate, two parts of the cell body (i.e., 
upper cell body and lower cell body), top plate, top cap, and a loading piston. The lower 
cell body had an inner diameter of 63.5 mm, which was used to hold the sample. A 10 
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mm diameter central hole was formed and a cylindrical fine porous stone inserted in the 
hole was used as the only drainage boundary of the soil sample during consolidation. A 
10-mm-diameter hole with a depth of 15 mm at the center of the top cap was made to 
allow the top cap to slide freely over the cylindrical porous stone during consolidation. 
The Constant Rate of Strain test was carried out and the vertical load, pore water 
pressures and displacement were measured and the ch of the soil was determined based on 
the equations developed by him. 
  
Fig. 2.8 Schematic Diagram of CRS Consolidometer for Radial Drainage (Juirnarongrit 
1996). 
2.3.2  Field Studies on Determination of Coefficient of Horizontal Consolidation, ch 
Chu et al. (2002), investigated the consolidation and permeability characteristics of the 
Singapore marine clay by laboratory and in situ tests. The coefficient of consolidation and 
the coefficient of permeability of the soil in both the vertical and horizontal directions, cv 
and ch and kv and kh , respectively, were determined by oedometer, constant rate of strain, 
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Rowe cell (with radial drainage to the boundary for ch determination), piezocone (CPTU), 
flat dilatometer, self-boring pressuremeter (SBPT), and BAT permeameter tests. The ch 
value of the clay was also back calculated from field monitoring data. Comparisons of the 
results (Figure 2.9) obtained by different methods indicate that the ch value determined by 
CPTU is generally in good agreement with that by Rowe cell tests, and the ch value 
determined by SBPT is often the highest among all the measurements. The back 
calculated ch value is lower than that measured by other tests.  
 
Fig. 2.9 Comparison of ch Profiles Measured by Back Calculation and other Methods 
(Chu et al., 2002). 
Seah et al.(2004), presented the results of the coefficient of consolidation in the 
horizontal direction determined from the laboratory and the field testing through a piezo-
probe, along with back analysis from settlement measurement of embankment 
constructed with prefabricated vertical drains at the Suvarnabhumi Airport site in 
Bangkok. Constant rate of strain consolidation tests (apparatus developed by the authors) 
with radial drainage and standard oedometer tests were conducted to provide the 
consolidation characteristics of soft Bangkok clay. The test results (Figure 2.10) showed 
very good agreement in both horizontal coefficients of consolidation and permeability 
obtained from different testing methods and back analysis, but the radial flow apparatus 




Fig. 2.10 Profiles of Coefficients of Consolidation and Permeability (Seah et al., 2004). 
2.3.3 Laboratory Studies on Stress Distribution and Pore Water Pressure 
Dissipation of a Radial Consolidation Problem 
Al-Tabba 1994, carried out experimental studies to investigate the development of excess 
pore water pressure and void ratio variation under outward radial drainage to a peripheral 
drain using a Rowe cell. A 150 mm diameter Rowe consolidation cell with pore water 
pressure measurements at the base-center of the Rowe consolidation cell was used for the 
study. The porous ceramic at the base of the Rowe cell was attached to the external pore 
water pressure transducer. The test were done under both free and equal strain conditions 
with small and large stress increments ratios. The variation in void ratio was negligible 
when small stress increments ratios and were considerable when large stress increments 
ratios were used. The experimental results showed initial drop and then raise in pore 
water pressure before complete dissipation. Finite element program CRISP with Modified 
Cam Clay Model was used to model the experiments and the predictions were more 
satisfactory for the free strain conditions. She concluded that the consolidation with radial 
drainage causes non-uniform stress and strains which need to be taken into account while 
designing the structures on consolidating clay. 
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Pyrah et al. (1999), highlighted the importance of non-uniform consolidation around 
the vertical drains installed in soft ground. They presented the results from experimental 
plane strain tests and numerical results devised to understand the mechanism of non-
uniform consolidation. The test results confirm that the vertical compression under Ko 
condition involving vertical drains can result in horizontal displacement and non-uniform 
water content at the end of consolidation. They reported that the soil close to the drain 
becomes stiff as it consolidates first and attracts more load as the consolidation 
progresses. This leaves the soil away from the drain softer. 
Shilpa and Robinson (2006), carried out inward radial flow consolidation test with 
sand drain at the center. The pore water measurements during radial consolidation were 
also made at a single location near the periphery of  clay using a miniature pore water 
pressure transducer. The diameter of the clay specimen was 100 mm and the sand drain 
diameter was 20 mm. The Mandel-Cryer Effect (Mandel, 1953 and Cryer, 1963) was 
observed from the pore water pressure measurements. Also the water content in the 
specimen varied with radial distance from the drain with lower values near the drain and 
higher values as we move away from the drain. As a result the shear strength values are 
higher near the drain and lower values near the periphery. They concluded that, as the 
shear strength value decreased from the drain towards the edge of the unit cell, the end 
condition of the soft clay stabilized with sand drain was not uniform. 
2.4 MECHANISM OF VACUUM PRELOADING 
The principles and mechanism of vacuum preloading have been well documented in 
the literature (Kjellman, 1952; Holtz, 1975; Qian et al., 1992 and Chu et al., 2000). Chu 
and Yan (2005b) explained the mechanism of vacuum preloading using the traditional 
spring analogy along with the conventional surcharge preloading. The consolidation 
process of soil under surcharge load is illustrated using the spring analogy shown in 
Figure 2.11(a). From Figure 2.11(a), the instance when a surcharge load, Δp, is applied, it 
is taken by water in terms of excess pore water pressure. Therefore, the initial excess pore 
water pressure, Δu, is the same as the surcharge Δp applied. Gradually, the excess pore 
water pressure dissipates and the load is transferred from water to the spring (i.e., the soil 
skeleton) in the model shown in Figure 2.11(a). The amount of effective stress increment 
equals to the amount of pore water pressure dissipation, Δp-Δu (Figure 2.11(a)). At the 
end of consolidation, Δu = 0 and the total gain in the effective stress is the same as the 
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surcharge, Δp (Figure 2.11(a)). The above process in surcharge preloading is not affected 
by the atmospheric pressure, pa. 
 
Fig. 2.11 Spring Analogy of Consolidation Process (a) Under Fill Surcharge; (b) Under 
Vacuum Load (Chu and Yan, 2005b). 
The mechanism of vacuum preloading is illustrated in the same way using the spring 
analogy shown in Figure 2.11(b). When a vacuum load is applied to the system shown in 
Figure 2.11(b), the pore water pressure in the soil reduces. As the total stress applied does 
not change, the effective stress in the soil increases. The instance when the vacuum 
pressure, -Δu, is applied, the pore water pressure in the soil is still pa. Gradually, the pore 
pressure reduces and the spring starts compressing, i.e. the soil skeleton starts to gain 
effective stress. The amount of the effective stress increment equals to the amount of pore 
water pressure reduction, Δu, which will not exceed the atmospheric pressure, pa, or 
normally 80 kPa in practice. 
2.5 LABORATORY STUDIES ON SOIL BEHAVIOUR UNDER VACUUM 
CONSOLIDATION 
The mechanism of vacuum preloading technique and effectiveness of this method, by 
comparing with surcharge preloading technique, has been well reported in the literature 
(Kjellman, 1952; Holtz, 1975; Qian et al. 1992; Leong et al. 2000; Mohamedelhassan and 
Shang 2002 and Chai et al. 2005a). The information available in the literature related to 
laboratory studies on vacuum preloading is briefly reviewed below. 
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Leong et al. (2000), compared the strength improvement by vacuum preloading and 
surcharge preloading. The matric suction was induced to the soil by “the axis translation 
technique” in a pressure plate apparatus. Though it is practically not possible to apply 
vacuum pressure of more than 100 kPa in the field, matric suction values much higher 
than 100 kPa were applied to the laboratory sample by the axis translation technique. It 
was concluded that the maximum shear strength was obtained at matric suction value of 
less than about 100 kPa. It was also reported that the soil is de-saturated when the air-
entry value of the soil, of about 30 kPa is exceeded. As the vacuum preloading is done in 
a closed system in the field, the soil may not de-saturate at an applicable magnitude of 
vacuum of about 80 kPa. Therefore, the suction induced to the soil sample by the axis 
translation technique and the vacuum preloading in the field cannot be directly compared 
when the suction exceeds the air entry value of the soil.  
Mohamedelhassan and Shang (2002), proposed a combined vacuum and surcharge 
model under one dimensional model conditions and devised a test apparatus to verify the 
model. A detailed description of sample preparation and testing programme has been 
given in the paper. According to the results obtained from the study, they concluded that 
the vacuum pressure generates the same effects as that of a surcharge pressure under one 
dimensional condition. Hence they suggested that the properties obtained from the 
conventional consolidation tests can be used in the design of vacuum preloading systems, 
provided that 1- D loading condition prevails. It was also pointed out that there is no 
difference in consolidation characteristics of the soils with the nature of consolidation 
pressure. 
Indraratna and Rujikiatkamjorn (2004), carried out laboratory study to investigate the 
effect of vacuum preloading. Two separate series of tests were conducted in a large-scale 
consolidation apparatus (Figure 2.12), with axial load increments of 30 and 50 kPa. The 
first series of tests were performed based on the conventional method (i.e. without 
vacuum preloading). For the second series, a vacuum pressure of 100 kPa was applied 
during the process of consolidation. The extent of smear zone was examined by the 
variation of permeability of small specimens obtained from the large-scale 
consolidometer. The void ratio-permeability relationship was also determined from the 
small specimens. They concluded that the vacuum application performed as an additional 




Fig. 2.12 Radial Drainage Consolidometer with Central Drain and Pore Pressure 
Measurement (Indraratna and Redana, 1995;  Rujikiatkamjorn and Indraratna, 2006). 
Chai et al. (2005a), conducted 1-D consolidation test using Maruto Multiple Odometer 
apparatus on soil subjected to surcharge preloading or vacuum preloading or vacuum 
combined surcharge preloading. It was shown that the settlement caused by vacuum 
pressure is about 80% of that induced by the corresponding surcharge load. Also, the 
effect of drainage boundary conditions on consolidation settlement under vacuum 
preloading technique was addressed. It was reported that the total settlement in the two 
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way drainage is about half the settlement under one way drainage, but the consolidation 
rate for both the cases are the same. It was also suggested that where a clayey layer is 
underlain by a sand layer, the PVD should only penetrate partially (up to an optimum 
penetration depth) to the clay layer in order to avoid two way drainage and result in 
effective performance. Also an equation to arrive at optimum penetration depth of PVDs 
is presented. They presented a case study explaining the advantage of combining both 
surcharge and vacuum preloading technique to reduce the lateral displacement. 
Chai et al. (2005b), investigated the characteristics of vacuum consolidation by 
comparing the consolidation induced by vacuum pressure with that of surcharge load 
under laboratory odometer condition. The test results indicated that the vacuum pressure 
induced less or the same settlements as that by a surcharge load with the same magnitude. 
From the test results, it was brought out that when the vacuum pressure is larger than the 
stress required in maintaining the Ko condition (where Ko is the coefficient of earth 
pressure at rest), there will be an inward lateral movement and the vacuum pressure will 
induce less settlement than the surcharge load. The authors have derived an equation to 
determine the depth upto which there will be inward lateral displacement caused by 
vacuum pressure. An approximate method has been proposed by authors for calculating 
the ground settlement and inward lateral displacement induced by vacuum consolidation 
and has been applied to two case studies to verify the same. 
Rujikiatkamjorn and Indraratna (2006), presented the results of a series of laboratory 
experiments in a large scale consolidometer (Figure 2.12) and compared the consolidation 
behaviour of soft clay under combined surcharge and vacuum condition with the 
proposed analytical model. Three series of tests were conducted under 1D condition, one 
with surcharge only condition, other with vacuum only condition and third series of tests 
with combined surcharge and vacuum pressure. From the test results, it was pointed out 
that the combined surcharge and vacuum pressure maximizes the settlement, which 
depends on the total magnitude of pressure. It was also observed that the vacuum pressure 
reduced along the drain depth and the reason for the same was not addressed. 
Chai et al. (2007), carried out laboratory 1-g model tests and finite element analysis to 
investigate the optimum installation depth (depth at which the settlement induced by a 
vacuum pressure is the maximum) of PVDs under vacuum consolidation with sand seam 
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beneath the PVDs. A cylindrical tank (Figure 2.13) of 0.45 m inner diameter and 0.9 m 
height was used for the study. Totally 4 tests were conducted with different installation 
depths (Figure 2.14). Both the model test and FEA results showed that there is an 
optimum PVD installation depth (Figure 2.14) at which the vacuum induced settlement is 
the maximum. They showed that (Figure 2.14), increasing the installation depth from 0.58 
m to 0.68 m did not increase the final settlement and from an economic point of view, the 
optimum installation depth should be close to 0.58 m. The final vacuum pressure 
distribution in the model ground is given in Figure 2.15. The PVD installed upto 0.73 cm 
(Case-4) has the smallest vacuum pressure at the end of consolidation compared to the  
PVD installed upto 0.48 cm (Case-1), which has the highest vacuum pressure at the end 
of consolidation. Figure 2.15 also shows that the distribution of vacuum pressure in the 
model ground varies with installation depth. They showed that under field condition the 
equation proposed by Chai et al. (2006) can be used to calculate the optimum installation 




































Fig. 2.14 Variation of Final Settlement with PVD Depth (Chai et al., 2007). 
 




Mahfouz et al. (2007), studied the microstructure of soil samples after application of 
vacuum pressure using scanning electron microscopy and the orientation of soil 
aggregates were determined using GEOIMAGE software. They showed from the 
experimental results that the changes in the soil fabric during vacuum preloading are 
mainly due to realignment and deformation of clay aggregates. Two quantitative indices 
namely alignment entropy (Ae) and frequency distribution function of clay aggregate 
orientation F(α) were used to assess the orientation of aggregates in fine-grained soil. But 
the type of fabric (flocculated or dispersed) at the end of vacuum consolidation was not 
clearly brought out. 
So (2009), studied the mechanism of vacuum preloading using a custom made 
hydraulic cell. Laboratory-scale experimental results showed that, regardless of the initial 
stress conditions and loading methods, i.e., vacuum or surcharge, consolidation with a 
fixed lateral boundary is always one-dimensional and the coefficient of lateral earth 
pressure approaches the value in the at-rest condition. He also showed that the 
compression indices obtained from vacuum preloading are similar to those from 
conventional surcharging. However, the rate of settlement induced by vacuum preloading 
is faster than that by conventional surcharging. He also studied the applicability of the 
Modified Cam-clay model in modeling the engineering behavior of Hong Kong marine 
clay undergoing vacuum consolidation by comparing the results of numerical modeling of 
modified hydraulic cell tests with those of experiments. He numerically studied the field 
behavior of vacuum preloading in terms of lateral displacement profile at the edge of 
treatment zone, extent of influence distance beyond treatment zone, stress paths in soil 
elements, increases in undrained shear strength and coefficients of lateral earth pressure at 
different positions in the treated marine clay using the Modified Cam-clay model. 
Through parametric study, he reported that the thickness, the compression index and the 
applied vacuum are identified to be the most influential factors affecting the magnitude of 
lateral displacement at the edge of vacuum preloading treatment zone and the influence 
distance of lateral displacement and settlement outside the treatment zone. He found that 
the gain in undrained shear strength at the edge of vacuum preloading treatment zone is 
similar to those in the centre and the stress paths in soil elements typically tend to follow 
K0 condition. The development of the technique in an underwater environment via a full-
scale field test was also presented. 
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Deepa and Robinson (2010), carried out laboratory studies to understand the 
deformation  mechanism of soil under vacuum loading using a 1- D consolidation setup 
and a double wall triaxial cell. The double wall triaxial cell consists of an inner cell and 
an outer cell. The inner and outer cells can be subjected to the same pressure 
independently so that the net pressure on the inner cell is zero, so that correction for cell 
expansion was not necessary. Four tests were carried out namely 1-D consolidation test 
under surcharge or vacuum pressure and triaxial test under vacuum or isotropic 
compression. Both vertical and lateral deformation were monitored during vacuum 
loading triaxial test. They showed that, if lateral deformation is prevented, the axial strain 
under vacuum consolidation was equal to that obtained from the surcharge loading. If 
lateral deformation was allowed during vacuum consolidation, the axial strain was 
substantially smaller. However, the volumetric strain observed was independent of 
whether lateral deformation was allowed or not. They concluded that the vacuum pressure 
induces close to isotropic stress conditions and the magnitude of axial strain, lateral strain 
and volumetric strain are almost the same as that obtained by applying all round confining 
pressure to the soil sample. 
Ong and Chai (2011), carried out laboratory large scale model (length: 1.50 m, width: 
0.62 m, height: 0.85 m) tests and finite element analyses (FEA) to investigate the main 
influencing factors on lateral displacement of a soft clayey ground under combined 
vacuum pressure and surcharge load with PVDs. They concluded that the ratio between 
surcharge load and vacuum pressure (RL), rate of surcharge loading (LR) and initial 
undrained shear strength (su) of the ground are the main factors influencing the lateral 
displacement of a ground. They showed that the ratio of average lateral displacement to 
surface settlement (DR) at the center of the loading area increases linearly with the 
increase of RL and LR and decreases nonlinearly with the increase of initial su. Also, DR 
is close to zero for RL of about 0.8. 
Robinson et al. (2012), carried out laboratory studies to understand the influence of 
lateral deformation on volumetric strain of soil subjected to vacuum loading. They 
modified the Rowe consolidation cell apparatus to allow lateral deformation by using a 
peripheral membrane, when a vacuum pressure was applied. They carried out two series 
of experiments, viz; series I simulating conditions near the surface of the ground where 
the effective in situ stress will be very small and tension zone may develop and series II 
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simulating conditions at depth where there will be either active or at rest condition under 
vacuum loading in the field.  Based on the experimental study, they indicated that during 
the vacuum  application in the field, tension zone may be located close to surface of the 
soil, below which the stress changes from an at-rest state to an active state. They also 
highlighted that the inward movement at greater depths will be negligible and the stress 
state of the soil will remain close to at-rest condition. They also showed that the vertical 
settlement was much less when the soil was subjected to isotropic consolidation. In the 
field, when the zone near the surface (where the lateral stress is small) is subjected to 
vacuum consolidation, they showed that a relatively large lateral deformation can take 
place under isotropic conditions. 
2.6 CASE STUDIES ON VACUUM PRELOADING TECHNIQUE 
Several case studies have been reported in the literature describing the effectiveness of 
vacuum consolidation technique (Tang and Shang, 2000; Song and Kim, 2004; Chu et 
al.,2005a). The information available in the literature related to field studies on vacuum 
preloading is reviewed below. 
Compression of soft clay using vacuum and vertical drains was first proposed by 
Kjellman (1952) who regarded atmospheric pressure as a temporary surcharge. The first 
application was for a runway extension at Philadelphia International Airport. Kjellman 
reported that before his publication in 1952, a similar method was used to temporarily 
stabilize a silt slope. 
Shang et al. (1998), presented a case study detailing the design, operation and results 
of the soil improvement project using vacuum preloading technique at Xingang port, 
Tianjin, China. The effects of soil improvements are demonstrated through the 
consolidation settlement and the increase in shear strength of soil. The distribution of 
vacuum pressure was nearly constant along depth with a magnitude of 80 kPa and the 
vacuum loss was not obvious. The improved effects were demonstrated through the 
average consolidation settlement of  2.0 m and increase in undrained shear strength by a 
factor of two to four or more. From this study they established that the vacuum and 
surcharge preloading have generated similar consolidation effects and the settlement is 
slightly higher in the case of combined surcharge and vacuum condition compared to 
vacuum only condition. 
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Chu et al. (2000), presented a case study where the vacuum preloading technique was 
successfully used to improve the soil strength of an oil storage station near the coast of 
Tianjin, China. It was shown that the undrained shear strength after vacuum preloading 
increased by 2–3 times for both sections in the test area and cracks have developed on the 
ground surface at about 10 m away from the edge of the preloaded area and hence lateral 
displacement is an important parameter that should be considered while designing for 
vacuum preloaded projects.  
Tang and Shang (2000), presented a case study where the surcharge and vacuum 
preloading techniques were successfully used to improve the soil strength of Yaoqiang 
airport, Jinan, China. They have presented the results obtained from the field pilot tests 
for both surcharge and vacuum preloading under the same consolidation pressure of 80 
kPa. For vacuum preloading deep mixing slurry cut-off walls were installed to control 
vacuum loss in shallow silty sand layer. It was shown that the vacuum preloading 
generated a settlement profile (0.326 m), fairly similar to that generated by the surcharge 
fill with a settlement of 0.337 m. A major distinction was the direction of the lateral 
displacement in which the vacuum preloading produced a maximum inward lateral 
displacement of 110 mm and surcharge preloading a maximum outward lateral 
displacement of 30 mm. However, the pore water pressure was shown to be very sensitive 
to applied vacuum pressure with positive excess pore water pressure generated at some 
locations during the interruption of vacuum. At equilibrium, the pore water pressure 
reduction was increasing with depth. The results of the pilot study which includes the 
vane shear strength, CPT, water content, void ratio etc are discussed in the paper. The 
increase in undrained shear strength was by a factor of two to three. The reduction in 
water content was from 3% to 15%. 
Yan and Chu (2003), reported a case study, describing the soil improvement for a road 
using vacuum preloading technique. A vacuum load of 80 kPa was applied for 90 days to 
consolidate a 20 m thick soft clay layer.  From the study, it was pointed out The vacuum 
preloading method can be used effectively for the improvement of a 20 m thick soft clay 
layer, which would be difficult to be treated using fill surcharge. The applied vacuum 
pressure of -80 kPa was observed along the entire depth of treatment. The undrained 
shear strength increased by 20-30% due to the vacuum application. The application of the 
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vacuum caused an inward lateral movement. The maximum lateral displacement 
measured was 350 mm. Cracks on the ground surface were observed. 
Chu and Yan (2005b),presented a case study where combined surcharge and vacuum 
preloading technique was successfully used to improve the soil strength of a storage yard 
in the same area. It was shown that the undrained shear strength as measured by field 
vane shear tests increased by two fold as shown in Figure 2.16(a). At shallow depths there 
is appreciable difference in water content of the soil sample, before and after treatment 
but this trend diminishes at greater depths as shown in Figure 2.16(b). It was also shown 
that when both the vacuum and fill surcharge are applied, the resulting lateral movement 
becomes smaller due to the compensating effect. Moreover, the vacuum preloading 
method is effective in treating soils much deeper than 10 m and there is no indication that 
the vacuum load will reduce with depth. 
 
Fig. 2.16 (a) Vane Shear Strength Profile (b) Water Content Profile (Chu and Yan, 
2005b). 
Long et al. (2013), presented details relating to soft ground improvement using 
Prefabricated Vertical Drains (PVD) including PVD installation and preloading 
techniques, settlement and stability design calculations, observational methods and back 




vacuum consolidation method (VCM) in combination with fill embankment. Several case 
histories were presented in the paper. The pore water pressure was measured at different 
depths in the PVDs. It was found that the effective vacuum pressure in the PVDs is 
distributed uniformly along the PVD depth with a magnitude of over 80 kPa. The time 
versus settlement calculated by 1-D method were in good agreement with the measured 
data for both conventional preloading and VCM. 
Khan and Mesri (2014), reported that even though vacuum consolidation method has 
been studied extensively and used successfully since early 1980 throughout the world, 
different opinions still exist regarding this method. This difference of opinions is 
especially in connection to distribution of vacuum with depth and time in vertical drains 
and in soil during preloading of soft ground. They examined pore water pressure 
measurements from field vacuum trials and vacuum-fill preloading, as well as from 
laboratory studies. They concluded that (a) a vacuum magnitude is equal to that in the 
drainage blanket remains constant with depth and time within the vertical drains, (b) 
vacuum does not develop at the same rate within the soil at different depths; however, 
under ideal conditions vacuum is expected to become constant with depth in soil after the 
end of primary consolidation, and (c) there exists a possibility of internal leakage in 
vacuum intensity at some sub-layers of a soft clay and silt deposit. 
2.7 CENTRIFUGE MODELLING OF SOIL BEHAVIOUR UNDER VACUUM 
CONSOLIDATION 
Physical model tests at 1-g, carried out to investigate the effect of surcharge or vacuum or 
combined surcharge and vacuum loading on soft clay was reported in Section 2.5. Also 1-
g physical model tests carried out at to investigate the main influencing factors on lateral 
displacement of a soft clayey ground under combined vacuum pressure and surcharge 
load with PVDs was reported in Section 2.5. 1-g physical model tests in the laboratory 
may qualitatively define the behaviour of the vacuum preloading problem but, may not 
accurately characterize the field problem because, the in-situ stress conditions may not be 
accurately simulated in these 1-g tests. The other option is to do prototype testing in  the 
field. But it may not be always possible due to cost and time constraints of the project. 
The next viable options are centrifuge and numerical modelling. Centrifuge model testing 
allows us to create the in-situ stresses in the soil in the laboratory, thereby closely 
simulating the field condition and hence the behaviour of the soil. Centrifuge modelling 
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tests of vacuum preloading problem are rarely reported in literature. The information 
available in the literature related to centrifuge modelling of vacuum preloading problem is 
reviewed below. 
The vacuum preloading of silty-soft clay in a centrifuge at 50g acceleration was 
carried out by Liu and Gao (1988). A small-sized vacuum pump mounted on the 
centrifuge arm was used to generate vacuum pressure in the clay. Vacuum pressure, pore 
water pressure and deformations were monitored. The soil was modelled for a prototype 
depth of 12 m with sand drains of 0.15 m diameter at spacing of 1.5 m. The sealing at the 
top of clay layer was provided by a thin plastic film. The vacuum meters recorded 84 kPa 
at the top of sand well and 79 kPa at the bottom of well. The maximum prototype 
settlement observed was about 0.55 m. Whether this settlement is due to soil cushion or 
due to vacuum is not clearly mentioned. The settlement was maximum at the center of 
model and decreasing towards the ends. The pore water pressure transducers showed 
vacuum development of only 10 kPa at the top of clay. The relative advantage of using 
vacuum preloading over surcharge preloading technique was brought out. 
Aravinthan (2004), studied the effect of vacuum preloading technique in accelerating 
the consolidation of clay in a geotechnical centrifuge. Comparison was made with the 
corresponding surcharge preloading technique. He also investigated the effective depth of 
vacuum pressure in clay. Two different series of centrifuge tests were carried out with and 
without Prefabricated Vertical Drains (PVDs). The depth of clay model was 20 cm and 
the drain spacing and drain depth were 6 cm center to center square and 20 cm 
respectively. The test was carried out at 100 g and hence a prototype depth of 20 m was 
modelled. A small-sized vacuum pump mounted on the centrifuge arm was used to 
generate vacuum pressure in the clay.  A vacuum chamber was used to apply vacuum to 
the clay and to collect the water from the consolidation process. It was found that the 
effectiveness of vacuum pressure was reasonably good along the entire clay depth if it 
was applied in conjunction with vertical drains (Figure 2.17(b)). However, the 
effectiveness seems to be lower in greater depths if there are no drains installed (Figure 
2.17(a)).Also it was found that in vacuum preloading technique, the rate of settlement is 
faster than that of equivalent surcharge preloading. It was reported that vacuum 
consolidation technique can be used to consolidate beyond 10 m depth in clay. The 
combination of reduced surcharge with vacuum pressure produces similar results with the 
equivalent surcharge test results. 
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Fig. 2.17 Pore Pressure Draw down with Depth for Vacuum preloading (a) With Drains 
and (b) Without Drains (Aravinthan, 2004). 
Lee (2007), carried out centrifuge modelling to understand the pore-water pressure, 
effective stress changes and deformation mechanism of soft soil subjected to underwater 
vacuum preloading. They performed three centrifuge model tests with vertical sand 
drains. Test 1 was carried out at 80g while Tests 2 and 3 were carried out at 50g. Test 1 is 
a half unit cell test, with 200 mm diameter vertical sand drain and 680 mm diameter 
influence zone. Test 2 and Test 3 are carried out with single drain. Test 4 and Test 5 were 
carried out in the same centrifuge model package as in Tests 2 and 3, respectively. Tests 4 
and 5 involve vertical drain groups. An air-tight membrane holder was used in Test 3 but 
not in Tests 1 and 2. Test 1 was aimed to carry out a detailed analysis of surface and 
subsurface deformation in clay subjected to vacuum preloading. Results in Test 2 were 
used to compare with the results in Test 4, in which a sand drain group is modelled. 
Results in Test 3 were used to compare with those in Tests 2 and 5 to evaluate the 
influence of an air-tight membrane holder as well as difference in responses of clay 
around a single drain and in a vertical drain group.A standpipe was used to generate the 
vacuum by dropping  the water level in the stand pipe below the water level at the top of 
clay. As a result the seepage was downwards as opposed to what is in the field.  The 
measured rates of consolidation with a vertical drain group were greater than those with a 
single vertical drain. Also, provision of a partially air-tight membrane holder resulted in 
significant increase in rate of consolidation. Without the membrane holder, de-saturation 
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of sand layer and sand drains was observed after application of vacuum. Measured 
surface settlement near a vertical drain was 80% of that away from the vertical drain. 
Measured maximum inward lateral displacement between vertical drains in centrifuge 
tests was about 5% of the surface settlement. At the centre of a vertical drain group, final 
lateral earth pressure coefficient at the end of underwater and on-land vacuum preloading 
is greater than lateral earth pressure coefficient at rest, while that in underwater surcharge 
preloading is less than lateral earth pressure coefficient at rest. Although the sealing 
condition was not perfect in the test, the overall effect of improvement was good. The 
undrained shear strength increased by 190% in vacuum preloading. 
Hu  et al. (2010), carried out centrifuge modelling to understand the consolidation 
behaviour of the soil subjected to underwater vacuum preloading. He performed 
centrifuge model tests with vertical sand drain group. Centrifuge test  was carried out at 
50g with two different vertical drain group in the same package. These two groups of 
sand drains has drain spacing of 4D and 8D respectively. The purpose of this model test 
was to study the effect of drain spacing on settlement, pore water pressure dissipation and 
lateral displacement. To simulate real underwater vacuum preloading, soil was sealed by 
a membrane with water over it.  In this test, the vacuum was generated by an aspirator 
system which produces vacuum by means of the Venturi effect. He showed that the 
increase in vertical effective stress is equal to reduction of pore water pressure for 
saturated soil, but the increase in horizontal effective stress varies with locations and 
generally less than the increase in vertical effective stress. The stress path for soil in 
between two vertical drains with spacing of 8D was deduced based on measurements of 
total stress and pore water pressure. It shows that the stress path is close to the one for 
one-dimensional consolidation rather than isotropic consolidation. Meanwhile, the 
settlement was less with a drain spacing of 4D than that with a drain spacing of 8D by 
about 11%. In the centre of a vertical drain group, deformation was primarily vertical and 
lateral displacement was negligible.  
2.8 NUMERICAL MODELLING OF SOIL BEHAVIOUR UNDER VACUUM 
CONSOLIDATION 
The behaviour of soil under combined vertical and radial consolidation in presence of 
vertical drains and surcharge or vacuum preloading or combination of both is complex. 
Various researchers have carried out finite-difference (FD) and finite-element (FE) 
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analysis to study this complex behaviour of soft soil with vertical drains subjected to 
surcharge or vacuum preloading. Also, to predict the behaviour of soil, it is necessary to 
use an appropriate constitutive model, which correctly represents the stress-strain 
response of the material. FE analysis is widely adopted by researchers to study the 
consolidation behaviour of soft soil subjected to surcharge or a vacuum load. FE method 
is implemented mostly with Biot’s (Biot, 1941) governing differential equation for a 
general 3-D consolidation problem. Although he used linear soil properties, the 
incremental form used in the formulation may be easily converted to incorporate a 
piecewise-linear constitutive model. Hence, the non-linear soil models can be modelled 
when the increments are small enough. 
FE analyses of soft clay with vertical drains subjected to surcharge or vacuum 
preloading had been carried out in the past to predict the settlements, pore water pressures 
and lateral displacements of soil. These parameters or field variables can be predicted as 
accurately as possible using sophisticated finite element softwares such as ABAQUS, 
SAGECRISP and PLAXIS along with appropriate constitutive models. These FEM 
packages are capable of performing fully coupled consolidation analysis using Biot's 
formulation. 
Axi-symmetric analysis have been  used by researchers to study the behaviour of clay 
around a single vertical drain. Axi-symmetric FE analyses carried out by Nie and Teh 
(2003) and kaolin clay was modelled using modified Cam-clay model. A Rowe 
consolidation cell test with radial outward drainage to peripheral drain reported by Al-
Tabbaa (1995) was modelled through FE analyses. The pore water pressure variations 
with time and space agreed well with those from radial consolidation test measurements.  
The behaviour of soil under combined vertical and radial consolidation in presence of 
a vertical drain group is a three-dimensional problem. But three-dimensional analysis 
demands tremendous amount of time for computation. In 1990's , when computers are not 
that powerful, 3-D numerical analysis are not always practical. As a result, methods to 
convert the three-dimensional problem into a two-dimensional plane-strain problem have 
been proposed by number of researchers (Hird et al. (1992), Indraratna and Redana 
(1997)). Plane strain FE analysis of field problem have been carried out in the past by 
various researchers and are described in following paragraphs.  
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Hird et al. (1992), converted an axi-symmetric unit cell into a plane strain model. 
Either geometric matching or permeability matching or both could be converted so that 
the average degree of consolidation in the axi-symmetric and plane-strain unit cells 
predicted by Hansbo (1981) with time would be the same. They reported that an 
acceptable prediction of settlements was obtained, although the pore water pressure 
dissipation was more difficult to predict.  
Indraratna et al. (1994), employed the finite element code CRISP, which is based on 
critical-state soil mechanics, to investigate the performance of the embankment raised on 
soft marine clay, stabilized with vertical band drains in Malaysia. For efficient vertical 
drains, they showed that the effect of smear and well resistance is generally negligible. 
This study has shown that unless the undissipated excess pore pressures along the drain 
boundaries are correctly accounted for, the vertical settlements and lateral displacements 
cannot be predicted to an acceptable degree of accuracy. They highlighted that the 
accurate prediction of lateral displacements requires careful assessment of soil parameters 
corresponding to the actual stress path response in the field, during embankment loading. 
Hird et al. (1995), took into account the smear effect and modelled three case histories 
namely Porto Tolle (Italy), Harlow (UK) and Lok Ma Chau (Hongkong) using Modified 
Cam-Clay model in CRISP. It was found that the settlement could be estimated well, but 
not the pore water pressure. 
Indraratna and Redana (1997), presented a mathematical formulation to transform the 
actual axi-symmetric conditions to an equivalent 2D plane-strain model (Figure 2.18), 
incorporating the smear effect associated with mandrel-driven vertical drains. In this 
procedure, the width of the unit cell is taken to be the same as the spacing between the 
drains, whereas the width of the smear zone and the permeability of the smeared soil are 
converted theoretically into equivalent plane-strain parameters. The validity of the 
method has been examined by analyzing an embankment built on soft clay stabilized with 
vertical drains. The introduction of smear effects improved the accuracy of settlement 
predictions based on the equivalent plane-strain analysis. However, the post-construction 





Fig. 2.18 Conversion of Axisymmetric Unit Cell into Plane Strain: (a) Axisymmetric 
Radial Flow and (b) Plane Strain (Indraratna and Redana, 1997). 
Park et al. (1997), adopted the conversion method provided by Hird et al. (1995) and 
analyzed a vacuum consolidation case study in Korea. It was found that modelling 
vacuum as a boundary pore water pressure was in good agreement with measured values 
than modelling vacuum as a pressure just like surcharge. But the prediction of pore water 
pressure dissipation in comparison with field measurement was not good. 
Indraratna and Redana (2000), carried out a plane strain, multidrain model of vertical 
drains to evaluate the performance of soft clay foundations beneath embankments 
stabilized with vertical drains in two case histories in Thailand and Malaysia. They 
showed that the inclusion of the smear effect improves the accuracy of settlement, pore 
pressure and lateral deformation predictions based on the equivalent plane strain model. 
Also the well resistance becomes increasingly pronounced only when the PVDs are much 
longer. They highlighted the importance of modelling the discharge capacity of well. 
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Indraratna et al. (2004), presented a methodology to appropriately consider two non-
ideal conditions of vertical drains, namely vacuum loss and de-saturation of vertical 
drains. Vacuum loss would result in a deterioration of reduction in pore-water pressure 
with depth. De-saturation of vertical drains would result in reduction in discharge 
capacity of vertical drains. Both would retard efficiency of vacuum preloading. Results of 
axi-symmetric modelling of a large consolidometer were presented. Plane-strain 
multidrain modelling (using a similar technique as Hird et al. (1992)) was used to model a 
case history in Bangkok, Thailand. They found that the conventional saturated soil 
models overestimate the settlement, whereas the inclusion of a thin layer of unsaturated 
soil elements at the PVD boundary improves the accuracy of numerical predictions. They 
also highlighted, the importance of appropriate suction–permeability relationships in 
obtaining realistic predictions, if the soil adjacent to the vacuum-affected PVD becomes 
unsaturated. In multidrain analysis, the best predictions of settlement and pore pressures 
were obtained when the numerical analysis included the time and depth dependent change 
in vacuum pressure. 
Indraratna et al. (2005b), transformed an axisymmetric unit cell with linearly 
distributed vacuum pressure in radial as well as in vertical direction to plane strain model 
with the same distribution of vacuum pressure by adjusting the coefficient of permeability 
of the soil. Then a converted 2D numerical model was implemented without considering 
the well resistance. They studied the effect of the magnitude and distribution of vacuum 
pressure on soft Bangkok clay. The assumption of distributing the vacuum pressure as 
constant over the soil surface and varying it linearly along the drains seemed justified in 
relation to the field data. 
Rujikiatkamjorn et al. (2007), employed the conversion given by Indraratna et al. 
(2005b) to study a vacuum combined surcharge preloading case. A simplified multi-drain 
2D problem was obtained. The converted parameters were incorporated in the Finite 
Element code ABAQUS, using modified Cam-clay theory. The predictions of settlement, 
pore water pressure and lateral displacement were in acceptable agreement with the field 
data. 
The surcharge or vacuum preloading in the field is a 3-D problem. The conversion of a 
3-D problem to a plane-strain problem requires that drain walls to be provided in the 
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plane strain model. Cheung et al. (1991) found that this type of conversion may result in 
substantial differences in spatial distribution in pore water pressure between vertical 
drains. They highlighted that the plane strain approach can simplify the numerical 
running time, but simplification on vertical drain is based on permeability rather than on 
volumetric strain. As a result, average rate of consolidation in terms of pore water 
pressure could be simulated but not point pore water pressure and development of 
deformation. It was pointed out that, to simulate well behaviour of vacuum preloading, 
3D condition should be taken into account. 
Rujikiatkamjorn et al. (2008), simulated an embankment in ABAQUS in 2D condition 
and 3D conditions. Modified Cam-clay soil model was employed and smear effect was 
modelled. The predictions of settlement, pore water pressure and lateral displacement 
were compared with the available field data, and an acceptable agreement was achieved 
for both 2D and 3D numerical analyses. It was found that both 3D and equivalent 2D 
analyses gave similar consolidation responses at the vertical cross section, where the 
lateral strain is zero. 
2.9 SUMMARY OF LITERATURE REVIEW 
A detailed review of the literature on preloading, vertical drains, determination of radial 
coefficient of consolidation, ch, mechanism, laboratory studies and case studies relevant 
to surcharge and vacuum preloading technique and physical and numerical modelling of 
vacuum preloading technique were presented in this chapter. The summary of the 
literature review and the gaps in the literature are presented in the following sections. 
Laboratory Studies on Determination of Coefficient of Horizontal Consolidation, ch 
The literature relevant to properties of vertical drains and theories relevant to radial 
consolidation problem are well established. The literature review shows that the ch of soil 
is determined either in the laboratory using the undisturbed samples from the field or in 
the field using differnt types of apparatus. The field determination of ch is not always 
possible due to the cost and other uncertainities. The laboratory determination of ch is an 
alternate option, but has certain issues. The literature review shows that the ch of soil is 
determined in the laboratory by different methods and apparatus. The sand drains are used 
for inward radial flow consolidation tests and porous plastic drains are used for outward 
radial flow consolidation tests. The influence of sand drain diameter for inward flow test, 
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the influence of porous plastic peripheral drain for outward flow test on the values of ch 
and the comparison between the two different drainage boundary condition test are not 
clearly addressed in literature. The literature review also shows that different types of 
laboratory apparatus ranging from Triaxial cell, Conventional oedometer cell, Rowe 
consolidation cell to CRS apparatus with radial drainage were used for determining the 
coefficients of horizontal consolidation, ch. Out of these apparatus, triaxial cells are not 
used due to reasons mentioned earlier. Rowe's consolidation cell is widely used for 
determining ch (Singh and Hattab, 1979; Al Tabbaa, 1994; Cao et al., 2001; Chu et al., 
2002; Jang et al., 2003). However, the cost of Rowe cell is very high. The cost of 
conventional apparatus is very low and almost all the geotechnical laboratories normally 
posses the one-dimensional consolidation apparatus. In addition, the conventional 
consolidation apparatus is very simple to use compared to the Rowe’s cell. However, no 
studies are reported in the literature that compares the ch value determined from the 
popularly used Rowe cell and the one-dimensional consolidation apparatus.  
Laboratory Studies on Soil Behaviour Under Vacuum Consolidation 
Review on vacuum preloading technique shows that numerous studies have been carried 
out in the laboratory on various aspects of vacuum preloading like settlement,  rate of 
consolidation, lateral deformation of soil, pore pressure generated, partially penetrating 
drains etc. Though many laboratory studies on vacuum preloading technique have been 
carried out in the past, detailed laboratory investigation on the improvement in 
engineering properties of soft clay namely consolidation properties, permeability 
characteristics and undrained shear strength after vacuum preloading in comparison with 
soils preloaded with surcharge is not available. Also, the response of vacuum 
consolidated soft clays under cyclic loads in comparison with soils preloaded with 
surcharge is scarce. Also the microstructure of vacuum consolidated soft clay in 
comparison with surcharge consolidated soft clay is not clearly understood. 
Centrifuge and Numerical Modelling of Soil Behaviour Under Vacuum Consolidation 
Literature review shows that unit cell model tests at 1-g have been carried out in the past 
to study the effect of surcharge or vacuum or combined surcharge and vacuum loading on 
the improvement of soil. Also studies have been carried out at1 -g to investigate the main 
influencing factors on lateral displacement of a soft clayey ground under combined 
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vacuum pressure and surcharge load with PVDs. Studies on partially penetrating drain 
problem at1-g have been reported in the literature. Centrifuge modelling have been 
carried out to study the effect of vacuum preloading technique in accelerating the 
consolidation of clay in a geotechnical centrifuge. Also centrifuge studies have been 
performed to investigate the effective depth of vacuum pressure in clay. Centrifuge 
modelling has been carried out to understand the consolidation behaviour of the soil 
subjected to underwater vacuum preloading. But, very little information is available in the 
literature on the behaviour of soft clay under vacuum preloading with partially 
penetrating drains in the presence of sand seams (two way drainage condition). Also, the 
deformation and pore water pressure dissipation of soft clay under vacuum consolidation 
using real scale models for the above is not clearly addressed in the literature.  
Numerical studies on vacuum loading problem have been carried out in the past using 
axisymmetric, plane strain or 3-D numerical model. It can be observed from literature that 
acceptable prediction of settlements can be obtained through 2-D numerical analysis, but 
not the pore water pressure dissipation and the lateral displacement. Literature review 
showed that the introduction of smear effects and un-saturation improved the accuracy of 
settlement, pore pressure and lateral deformation predictions based on the equivalent 
plane-strain analysis. Three dimensional numerical analyses were able to reasonably 
predict the pore water pressure, but, the lateral displacement were still difficult to predict. 
Literature review shows that the vacuum pressure has been modelled numerically by 
application of equivalent surcharge pressure or by applying negative pore water pressure 
at the top of the model only or by applying both at the top and along the drain. The 
vacuum pressure is either considered constant along depth if there is no vacuum loss or 
considered linear with maximum value at the top of the drain and zero at the bottom of 
drain. Hence different ways of modelling the vacuum pressure have been proposed in 
literature and the effect of the same is scarce in literature. Therefore, modelling of the 
vacuum pressure requires further attention. Based on the above literature review, the need 
for the study has been arrived at and the same has been reported in Chapter 1. The 
following aspects are investigated in the present study based on the need for the present 
study. 
1. Laboratory determination of coefficient of horizontal consolidation, ch using 
radially-in consolidation tests with different sand drain diameters and radially-out 
consolidation tests using a porous peripheral drain.  
52 
 
2. Laboratory determination of coefficient of horizontal consolidation, ch using 
different consolidation apparatus like Rowe consolidation cell and conventional 
consolidation cell. 
3. The stress distribution and pore water pressure dissipation mechanism in the soil 
under radial consolidation. 
4. Engineering behavior of soft clays after vacuum consolidation, in comparison with 
surcharge preloading. 
5. The deformation and pore water pressure dissipation mechanism of a partially 
penetrating drain problem (in the presence of sand seams) under vacuum 
preloading through centrifuge model tests. 
6.  Determination of optimum penetration depth of PVDs in soft clay (with sand 
seam) under vacuum preloading through centrifuge model tests.  
7. Numerical simulation of partially penetrating drain in soft clay under vacuum 
loading.  
CHAPTER 3 
LABORATORY DETERMINATION OF ch - INFLUENCE OF 
DRAINAGE BOUNDARY AND TYPE OF CONSOLIDATION 
CELL 
3.1 INTRODUCTION 
As discussed in the previous chapters and literature review, the horizontal coefficient of 
consolidation, ch, is one of the most important soil parameters required for the rational 
design of preloading projects. There are a number of factors that influence the laboratory 
determination of ch. The detailed experimental work carried out to determine the influence 
of various factors like diameter of vertical sand drain (in case of inward radial flow test), 
drainage boundary conditions (inward or outward) and the type of consolidation cell on 
the laboratory determination of ch is presented in this chapter. The selection of soil for the 
present study and determination of index and 1-D consolidation properties of the selected 
soil are presented in the subsequent sections. 
The influence of diameter of sand drain on the laboratory determination of ch is 
brought out by performing inward radial flow consolidation tests using a Rowe 
consolidation cell. The values of ch determined using the Rowe consolidation cell under 
outward radial flow to a porous peripheral drain is also presented. The results from the 
outward flow tests are compared with those from inward flow tests and the differences in 
the results are highlighted. 
The laboratory tests carried out to study the influence of type of consolidation cell i.e. 
Rowe or conventional cell on the determination of ch is discussed in detail. The results 
from conventional  consolidation cell with suitable modification are compared with those 
from Rowe consolidation cell. Further to confirm that conventional cell can be used to 
determine ch in the laboratory, inward radial flow consolidation tests were carried out on 
two more different type of soil samples. Finally, the results are applied for the analysis of 
data from two field studies so as to evaluate the validity of determining ch using the 




3.2 PRELIMINARY STUDIES 
Commercially available kaolin clay was used for most of the tests reported in this chapter. 
The experimental programme commenced with the determination of physical properties 
of soil sample such as Atterberg limits, specific gravity and grain size distribution. All the 
experiments were carried out as per the relevant Indian Standard specifications and are 
explained in the following sections. 
3.2.1 Index Properties 
Atterberg limit tests were carried out to determine the plasticity characteristics of the 
selected soil. The liquid limit and plastic limit tests were done as per IS: 2720-Part 5 
(1985). Cassagrande’s apparatus was used to determine the liquid limit of the soil sample. 
Specific gravity of soil sample was determined by density bottle method with distilled 
water in accordance with the procedure given in IS: 2720-Part 3 (1980). Three tests were 
done and the average of three tests was reported as the specific gravity of given soil 
sample. 
Combined sieve analysis which includes the wet sieve analysis and the hydrometer 
analysis, were carried out to obtain the grain size distribution of soil sample. The test was 
carried out as per IS: 2720-Part 4 (1985). While wet sieving 100% of the total mass of 
soil sample passed through 75μ IS sieve. The grain size distribution curve is shown in 
Figure 3.1. The basic properties of the soil sample are listed in Table 3.1. The soil is 
classified as CI as per IS: 1498 (1970). 
Table 3.1 Index Properties of Kaolin. 
Property Values 
Plasticity Characteristics:   
Liquid limit (%) 43 
Plastic limit (%) 23 
Plasticity index (%) 20 
Grain Size Distribution:   
Clay size (%) 59 
Silt size (%) 41 




















Fig. 3.1 Grain Size Distribution of Kaolin Clay. 
3.2.2 One Dimensional Consolidation Test  
Conventional one-dimensional consolidation test was performed to determine the 
consolidation properties of the soil by using a consolidation cell of 100 mm diameter and 
40 mm thickness. This consolidation cell satisfies the requirements of ASTM D2435 
(2004). The inner wall of the consolidation rings were smeared with silicone grease so as 
to avoid the side wall friction. Consolidation test was conducted on reconstituted samples 
from an initial water content of 1.5 times the liquid limit water content. For consolidation 
under vertical drainage, the slurry was consolidated to an initial pressure of 12.5 kPa 
under double drainage. The consolidated sample under this nominal consolidation 
pressure was then trimmed to a thickness of 40 mm for further loading. The test has been 
carried out as per IS: 2720-Part 15 (1986). Two porous stones, one at top and other at 
bottom of the sample were placed. Filter papers were provided on both the top and bottom 
porous stones so as to protect the porous stones from clogging. Incremental load 
consolidation test was conducted using a load increment ratio of 1.0. Sufficient time was 
allowed for the consolidation to be over. Each load increment took about one day for the 
completion of consolidation. The vertical settlement for each increment of load was noted 
by connecting a dial gauge to the top of the loading frame. The time-settlement graph for 
56 
 
different pressure ranges are shown in Figure 3.2. The time-settlement graph was plotted 
for each load increment and the coefficient of vertical consolidation, cv was calculated 
using Taylor’s √t method (Taylor, 1948). The values of  cv for different consolidation 
pressure range are given in Table 3.2. It is noted that the value of, cv increases with 
consolidation pressure. Similar observation was reported by Robinson and Allam (1998). 
The e-log σ'v, plot, where σ'v is the consolidation pressure, is shown in Figure 3.3. The 
compression and recompression index of kaolin clay are determined as 0.28 and 0.01, 
respectively. 
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Fig. 3.2  One - Dimensional Time-Settlement Response of Kaolin Clay. 
 




































Fig. 3.3  e-log σ'v of Kaolin Clay. 
3.3 RADIAL CONSOLIDATION UNDER INWARD FLOW - INFLUENCE OF 
DIAMETER OF DRAIN 
To study the influence of diameter of central sand drain on the laboratory determined 
value of ch, consolidation tests with radial drainage were conducted using 100 mm 
diameter Rowe consolidation cell with different values of drain spacing ratio, n (defined 
as the ratio of influence area of the drain to the diameter of the drain) namely 2, 6.67 and 
10 and the corresponding diameter of sand drain are 50 mm, 15 mm and 10 mm, 
respectively. 
3.3.1 Apparatus 
The Rowe consolidation cell, which satisfies the requirements of BS: 1377-Part 6 (1990), 
was used to conduct the inward radial consolidation test. A schematic diagram of the 
Rowe's consolidation cell is shown in Figure 3.4. It has a base, consolidation ring or cell 
body made of stainless steel and a cover. The inner diameter of the cell body is 100 mm 
and the cell body is clamped between the base and cover by long tie-bolts. The cell base 
is provided with a 60 mm diameter porous stone at center for bottom drainage. The cell 
cover is fitted with a convoluted flexible bellows (the diaphragm), the outer edge of 
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which provides a seal between the cover and consolidation ring or cell body. The 
diaphragm transmits a uniform pressure to the soil below it by means of water pressure 
acting on the top. As the pressure is transmitted through the diaphragm, part of the 
pressure may be lost due to the side friction and stiffness of the diaphragm (Head, 2006). 
Therefore, it is essential to carry out the calibration of Rowe consolidation cell.  The 


































Fig. 3.4 Schematic Diagram of Rowe's Consolidation Cell with Sand Drain at the Center. 
3.3.2 Calibration of Rowe Consolidation Cell 
The procedure adopted for the calibration of Rowe consolidation cell is detailed in 
following steps. 
1. The diaphragm and cell wall of Rowe cell was smeared with silicone grease 
before calibration was carried out. 
2. The cell top was fitted to the body and a circular flange (shown in Figure. 3.5) 
and the space above the diaphragm was filled with water without entrapping air.  
3. The assembly was placed upside-down on a hollow circular support which in turn 
is placed on the platen of a triaxial load frame. 
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4. A rigid circular plate was placed on the diaphragm along with suitable piston 
connecting a load ring mounted in the load frame and the plate.  
5. The volume of water in the diaphragm was adjusted to make its extension about 
the same as when in contact with a sample of the recommended initial length. 
6. A dial gauge was placed in suitable position to measure the movement of the 
plate relative to the cell body flange. 
7. The pressure system was set to an initial seating value of 5 kPa and the load ring 
reading and the vertical movement of the plate (i.e. the diaphragm) corresponding 
to the deflection of the load ring was recorded.  
8. The stage 7 was repeated with increased values of diaphragm pressure (25, 50, 
100 kPa, etc.) up to about 260 kPa. 
9. The actual pressure transmitted to the specimen is equal to the actual diaphragm 
force (corresponding load from load ring and the weight of rigid plate) divided by 
the specimen area. 
The calibration chart for the Rowe cell is shown in Figure 3.6, which is used for 
applying the required consolidation pressure to the soil sample.  
 
























































Fig. 3.6 Calibration Chart for Rowe Consolidation Cell. 
3.3.3 Test Procedure 
The soil sample was mixed into slurry form with water content of about 1.5 times the 
liquid limit water content and de-aired. The inner wall of the cell body was lubricated 
with silicone grease to reduce the wall friction and the soil slurry was placed in the cell 
body to a thickness of 60 mm (up to top of the cell body). Care was taken to avoid 
entrapment of air bubbles. The slurry was then gradually loaded up to a pressure of 12.5 
kPa under one-dimensional consolidation with two way drainage. Once the consolidation 
was over, the soil was trimmed to a thickness of 34 mm using a spacer at the base. A 
suitable filter paper with diameter equal to the diameter of bottom porous stone was 
placed above the bottom porous stone (Figure 3.7(a)). As the diameter of the bottom 
porous stone (70 mm) was larger than the diameter of the sand drain (10 mm), a rubber 
sheet (Figure 3.7(b)) of 0.5 mm thickness with a central hole of 10 mm was placed above 
the cell base and filter paper, so that the diameter of the drain at the base of the sample is 
also 10 mm. A thin layer of silicone grease was smeared along the periphery of the rubber 
sheet to prevent leakage.  The cell body with the trimmed soil specimen was then placed 
above the rubber sheet. An acrylic guide plate (Figure 3.7(c)) of 99.6 mm diameter and 10 
mm thickness, having a central hole of 10 mm diameter, was then positioned above the 
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soil sample as a guide plate. A sampling tube (Figure 3.7(c)), having outer diameter of 10 
mm and inner diameter of 8 mm, was pushed through the central hole in the guide plate 
and soil to make a central hole in the specimen. The hole was filled with clean sand 
(Figure 3.7(d)) in loose condition with a relative density of less than 30%,  achieved by 
pluviating the sand from a height of about 25 mm. Washed clean sand passing 600 μm 
and retained on a 425 μm sieve was used for making the drain, which satisfies the 
requirement suggested by Shields and Rowe (1965), that the maximum particle size of the 
sand should be of the order of (1/20)
th
 of the diameter of the drain. A 0.5 mm thick rubber 
sheet (Figure 3.7(e)) of 100 mm diameter was then placed above the soil. A thin layer of 
silicone grease was smeared along the periphery of the rubber sheet to prevent flow along 
the interface between the soil and the rubber sheet. A rigid platen of 99.4 mm diameter 
and 10 mm thickness was placed above the rubber sheet so that conditions of equal strain 
hold good. The cell cover with diaphragm was placed above the rigid platen following the 
procedure detailed in Head (2006). Incremental load consolidation tests were conducted 
at a load increment ratio of 1.0 from 12.5 kPa to 200 kPa. During consolidation, the pore 
water drains towards the central drain from the clay and drains out to the bottom drainage 
line through the sand drain. During the consolidation process, the time-settlement data 
were continuously recorded. Similar procedure is adopted for other sand drain diameters 
of 15 mm and 50 mm. 
3.3.4 Results and Discussions 
The time-settlement graphs under different drain spacing ratio, n, namely 10, 6.67 and 2 
for the kaolin clay determined using Rowe consolidation cell are shown in Figure 3.8(a), 
3.8(b) and 3.8(c), respectively. The log-t method proposed by Sridhar and Robinson 
(2011) was used to determine the coefficient of horizontal consolidation (ch) from the 
time-settlement data. The coefficient of horizontal consolidation of kaolin soil for 
different values of n and under different effective consolidation pressure is shown in 
Figure 3.9. The results shown in Figure 3.9 follows the same pattern as the one reported 
by Shields and Rowe (1965). The plot shows that the values of ch decrease with increase 
in diameter of well for the given consolidation pressure. For the pressure ranges of 25-50 
kPa, 50-100 kPa and 100-200 kPa, the values of ch for 50 mm diameter drain are 57%, 
70% and 74% lower than that for 10 mm diameter drain, respectively. Shields and Rowe 
(1965) attributed this phenomenon to decrease in drainage path with increase in drain size 
with sample size remaining the same. In order to check the validity of the reasoning given 
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by Shields and Rowe (1965) for the decrease in value of ch with increase in drain 
diameter, further consolidation tests were carried out under outward flow condition to a 




















(a) Base of Rowe Cell with Porous Stone (b) Rowe Cell with Bottom Rubber Sheet
(c) Drilling Hole at the Center of the Sample
(d) Sample with Sand Column at the 
Center
(e) Sample with Top Rubber Sheet (f) Rowe Consolidation Setup
 
Fig. 3.7(a) to (f) Photographs Showing Various Stages of Sample Preparation. 
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Fig. 3.8(a) Time-Settlement Response of Kaolin Clay for n=10 from Rowe Consolidation 
Cell Test. 
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Fig. 3.8(b) Time-Settlement Response of Kaolin Clay for n=6.67 from Rowe 
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Fig. 3.8(c) Time-Settlement Response of Kaolin Clay for n=2 from Rowe Consolidation 
Cell Test. 
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3.4 RADIAL CONSOLIDATION TEST UNDER RADIALLY OUTWARD FLOW 
3.4.1 Test Procedure 
Consolidation tests were carried out using the same 100 mm diameter Rowe consolidation 
cell (which satisfies the requirements of BS: 1377-Part 6 (1990), with radially outward 
flow towards a porous plastic peripheral drain. A schematic diagram of the Rowe's 






























Fig. 3.10 Schematic Diagram of Rowe's Consolidation Cell with Porous Plastic Peripheral 
Drain. 
The tests were conducted on reconstituted kaolin clay from an initial water content of 
about 1.5 times the liquid limit water content of the soil. The slurry was consolidated 
under 12.5 kPa in a separate consolidation ring to ensure 1-D condition. This 
consolidation ring is 97 mm in inner diameter (with allowance for the thickness of the 
porous plastic lining to be used in the Rowe cell) and 100 mm in height. A porous plastic 
drain (1.5 mm thick, shown in Figure 3.11) equal to the circumference of the Rowe 
consolidation ring and height equal to the height of Rowe consolidation ring was placed 
in the Rowe consolidation ring. Before placing the porous plastic drain in the 
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consolidation ring, it was completely saturated with de-aired water under vacuum. The 
drainage line connecting the bottom porous stone was closed to ensure radial 
consolidation to peripheral porous plastic drain. Bottom boundary of the clay was also 
made impermeable by introducing 0.5 mm thick rubber sheet of diameter equal to the 
diameter of the sample above the bottom porous stone. The sample that was prepared by 
consolidating the slurry to a consolidation pressure of 12.5 kPa is pushed in to the Rowe 
cell without disturbance and was trimmed to 34 mm thickness using a suitable spacer at 
the bottom. This is the maximum thickness of the clay specimen that can be 
accommodated in the Rowe cell after taking into account the thickness of top cap and the 
diaphragm. The top boundary of the clay was also made impermeable by introducing a 
0.5 mm thick rubber sheet. A rigid platen of 96.4 mm diameter and 10 mm thickness was 
placed above the rubber sheet to have equal strain condition and the cell cover with 
diaphragm was placed above the rigid platen following the procedure detailed in Head 
(2006). Incremental load consolidation tests were conducted at a load increment ratio of 
1.0. The drainage line connecting the periphery of the consolidation ring is opened during 





Fig. 3.11 Rowe Cell with Porous Plastic Peripheral Drain. 
3.4.2 Results and Discussions 
The time-settlement graph under radially outward flow condition for the kaolin clay 
obtained using Rowe consolidation cell is shown in Figure 3.12. The root t method under 
equal strain condition for radially outward flow condition (Head, 2006) was used to 
determine ch from the time-settlement data. In this method, a construction similar to that 
used for the oedometer test, but with a slope factor of 1.17, is followed for locating the 
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point corresponding to 90% degree of consolidation. The value of time factor to be used 
for 90% degree of consolidation is 0.288. 
For comparison, the ch values determined under outward radial flow condition for 
different consolidation pressure ranges are plotted along with the corresponding values of 
ch determined under inward radial flow condition for n= 2, 6.67 and 10 in Figure 3.13. It 
can be inferred that the ch values determined under outward flow condition are lower 
compared to the one determined under inward flow condition for n=2 (50 mm diameter 
sand drain in 100 mm diameter cell). This implies that, as the circumference of the 
drainage boundary increases, there is decrease in value of ch, i.e. the inward flow test with 
50 mm diameter sand drain has higher ch values compared with those from outward flow 
test. Also, for the pressure ranges of 12.5-25 kPa, 25-50 kPa, 50-100 kPa and 100-200 
kPa, the values of ch for outward radial flow test are 85%, 100%, 174% and 194% lower 
than that for 10 mm diameter drain, respectively. Shields and Rowe (1965) attributed this 
phenomenon of decrease in value of ch with increase in drain diameter to decrease in 
drainage path with sample size remaining the same. The reasoning by Shields and Rowe 
(1965) for the decrease in value of ch with increase in drain diameter requires further 
investigation. The outward flow test has higher drainage path than the inward flow test 
but, it produced lower ch values compared to the inward flow test. 
Shields and Rowe (1965) reported that the compressibility of the model is only 5% less 
than that of the clay without a drain when the diameter of the drain is 5% of the diameter 
of the oedometer, i.e. when n is 20. The standard 1-D consolidation cells (IS: 2720 (Part-
15)-1986) are 60 mm in diameter. Hence to have a value of n 20, the diameter of sand 
drain should be 3 mm, which is practically impossible to make. Shields and Rowe (1965) 
also reported that the compressibility of the model is only 8% less than that of the clay 
without a drain when the diameter of the drain is 10% of the diameter of the oedometer, 
i.e. when n is 10. Hence to have n as 10 for a 60 mm diameter consolidation cell, the 
diameter of sand drain should be 6 mm, which is practically possible to make. Hence 
based on the experimental results and practical point of view, a value of n=10  and above 
should be adopted to accurately determine ch. 
It was mentioned in the preceding paragraph, that the phenomenon of decrease in value 
of ch with increase in drain diameter is attributed to decrease in drainage path with sample 
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size remaining the same (Shields and Rowe, 1965). However, it was proved based on  
inward and outward flow tests results, that the drainage path does not affect the ch values. 
Therefore, it is postulated in the present study that the clay soil close to the drain 
consolidates first becoming stiffer rapidly and attracts more load as the consolidation 
progresses leaving the soil away from the drain softer. This stiffening of the clay close to 
the drain retards the rate of consolidation further resulting in reduced value of ch. In order 
to prove the above postulation, radial stress distribution in the soil (under inward and 
outward flow condition) were studied through total stress sensors placed at different 
radial distances in the bottom of 150 mm diameter conventional consolidation cell. Since 
conventional consolidation cell were used for stress distribution study instead of a Rowe 
cell, inward consolidation tests were also conducted using 100 mm diameter conventional 
consolidation cell with different values of drain spacing ratio, namely 2, 6.67 and 10 for 
comparing ch values with Rowe cell. 
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Fig. 3.12 Time-Settlement Response of Kaolin Clay under Outward Flow Condition. 
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Fig. 3.13 ch from Outward and Inward Flow Tests. 
3.5 DETERMINATION OF ch USING CONVENTIONAL CELL 
To verify the suitability of conventional consolidation cells for determining ch, 
consolidation tests with inward radial drainage were also conducted using 100 mm 
diameter conventional consolidation cell with different values of drain spacing ratio, n 
namely 2, 6.67 and 10, so that the results can be compared with Rowe's consolidation 
cell. 
3.5.1 Apparatus 
Conventional consolidation cell, which satisfies the requirements of ASTM D2435 (2004) 
and IS 2720-Part 15 (1986) was suitably modified to conduct the radial consolidation test. 
The only change required in the conventional set up is the insertion of impermeable 
rubber sheets on the top and bottom of the soil sample, similar to that by Sridharan et al. 
(1996) and Robinson (2009). A schematic diagram of the consolidation cell for 
conducting the radial consolidation test is shown in Figure 3.14. The inner diameter of the 
consolidation ring is 100 mm and its thickness is 40 mm. The top and bottom boundaries 
of the clay were made impermeable by introducing rubber sheets of diameter equal to the 
diameter of the consolidation ring and with a central hole equal to the diameter of the 
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sand drain. During consolidation, the pore water drains towards the central drain from the 
clay and drains out through the sand drain. The required consolidation pressure was 
























Fig. 3.14 Schematic diagram of the Apparatus used for Conducting Radial Consolidation 
Test. 
3.5.2 Testing Procedure 
The soil was mixed into slurry form, with water content of about 1.5 times the liquid 
limit, and de-aired. The slurry was placed in the consolidation cell along with the collar to 
a thickness of 60 mm. Care was taken to avoid entrapment of air bubbles. The ring and 
the collar were lubricated with silicone grease. The slurry was then gradually loaded and 
subjected to one-dimensional consolidation under double drainage to a pressure of 12.5 
kPa. Once the consolidation was over, the collar was removed and the soil was trimmed 
to the size of the consolidation ring of 100 mm diameter and 40 mm thickness. The 
rubber sheet (Figure 3.15(b)) of 0.5 mm thickness with a central hole of 10 mm was 
placed above the bottom porous stone (Figure 3.15(a)). The consolidation ring with the 
trimmed soil (Figure 3.15(c)) was then placed above the rubber sheet. A Perspex guide 
(Figure 3.15(d)) of 100 mm diameter and 10 mm thickness, having a central hole of 10.1 
mm diameter, was then positioned above the soil sample. A sampling tube (Figure 
3.15(d)), having outer diameter of 10 mm and inner diameter of 8 mm, was pushed 
through the soil to make a central hole. The hole was filled with clean sand in loose 
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condition (Figure 3.15(e)).The porous stone and the top cap were then placed above the 
soil sample after introducing the rubber sheet (Figure 3.15(f)). Incremental load 
consolidation tests were conducted at a load increment ratio of 1.0. During the 
consolidation process, the time-settlement data were recorded. Similar procedure is 
adopted for other sand drain diameters of 15 mm and 50 mm. 
3.5.3 Results and Discussion 
The time-settlement graphs under different drain spacing ratio, n, namely 10, 6.67 and 2 
for the kaolin clay determined using conventional consolidation cell are shown in Figure 
3.16(a), 3.16(b) and 3.16(c), respectively. The log-t method proposed by Sridhar and 
Robinson (2011) was used to determine the ch from the time-settlement data. The ch of 
kaolin clay for different values of n and under different effective consolidation pressure is 
shown in Figure 3.17. The ch values determined using conventional consolidation cell (for 
n=10) are plotted along with the values determined using Rowe consolidation cell (for 
n=10) in Figure 3.18. From Figure 3.18, we can observe that the ch values determined 
using conventional consolidation cell results are similar to the one obtained using Rowe 
consolidation cell. This proves that the conventional consolidation cell can be used for 
determining ch in the laboratory as per the procedure explained before. Further to confirm 
that conventional cell can be used to determine ch in the laboratory, inward radial flow 
consolidation test were carried out on two more different type of soil samples and is 
presented in next section. Also based on the above conclusion, in the next chapter, a 150 
mm diameter instrumented conventional consolidation cell was used for studying stress 
distribution and pore water pressure dissipation in clay during consolidation under  
inward and outward radial flow conditions. 
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(a) Consolidation Cell with Porous Stone
(b) Consolidation Cell with Bottom Rubber 
Sheet
(d) Drilling Hole at the Center of the Sample(d) Sample Consolidated at 12.5 kPa
(f) Sample with Top Rubber Sheet
(e) Sample with Sand Column at the Center
 
Fig. 3.15 (a) to (f) Photographs Showing Various Stages of Sample Preparation. 
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Fig. 3.16(a) Time-Settlement Response of Kaolin Clay for n=10 from Conventional 
Consolidation Cell Test. 
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Fig. 3.16(b) Time-Settlement Response of Kaolin Clay for n=6.67 from Conventional 
Consolidation Cell Test. 
74 
 









 12.5 kPa - 25 kPa
 25 kPa - 50 kPa
 50 kPa - 100 kPa















Fig. 3.16(c) Time-Settlement Response of Kaolin Clay for n=2 from Conventional 
Consolidation Cell Test. 
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Fig. 3.17 ch from Conventional Cell for Different Values of n. 
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Fig. 3.18 Comparison of ch between Rowe cell and conventional cell for n=10 for 
Kaolinite. 
3.5.4 Radial Consolidation Test on  IIT Madras Lake clay and Marine Clay 
Further to confirm the suitability of the conventional consolidation cell for determining ch  
in the laboratory, radial consolidation test with inward drainage towards the central sand 
drain was performed on IIT Madras Lake clay and a marine clay using both Rowe and 
conventional consolidation cell. Sufficient quantity of IIT Madras Lake clay was obtained 
from the lake bed of IIT Madras campus, Chennai and marine clay from a site near the 
Ennore port, Tamil Nadu, India. These soil samples were thoroughly processed to remove 
any shells and the foreign materials. The physical properties of the soils were determined 
as per the relevant Indian Standard specifications discussed in Section 3.2 and are listed 
in Table 3.3. The soil samples were in the range of intermediate and high compressibility 
as per IS 1498 (1970). 
The time-settlement graphs under different consolidation pressure for IIT Madras lake 
clay and marine clay determined using Rowe consolidation cell are shown in Figure 
3.19(a) and 3.19(b), respectively.  Similarly, the time-settlement graphs under different 
consolidation pressure for IIT Madras lake clay and marine clay determined using the 
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conventional consolidation cell are shown in Figure 3.20(a) and 3.20(b), respectively.  
Since the initial specimen thickness in conventional and Rowe consolidation cells are 
different, the consolidation behaviour of soils namely kaolinite, IIT Madras lake clay and 
marine clay determined using these cells are compared in the time-degree of 
consolidation response. The end of primary consolidation was obtained based on log-t 
method proposed by Sridhar and Robinson (2011). The time- degree of consolidation plot 
for the three different soils determined using Rowe and conventional consolidation cells 
for the consolidation pressure range of 50 kPa to 100 kPa are shown in Figure 3.21. It can 
be observed that the consolidation behaviour of soils determined using these two cells 
compares well in time-degree of consolidation plot. The log-t method proposed by 
Sridhar and Robinson (2011), was used to determine the radial coefficient of 
consolidation (ch) from the time-settlement data. The ch values obtained from both the 
tests are compared in Figure 3.22, for all the three soils under different consolidation 
pressures. As can be observed from the Figure 3.22, the ch values determined using both 
conventional and Rowe consolidation cells were found to match well. Therefore, inserting 
a rubber sheet to prevent the vertical flow is good enough to carry out radial consolidation 
tests using the conventional consolidation apparatus. The validity of the ch values 
obtained from the conventional consolidation apparatus is further verified using two Field 
Studies, as described in following sections. 
Table 3.3 Physical properties of IIT Madras lake clay and Marine clay. 
Property IIT Madras Lake 
clay 
Marine Clay 
Liquid limit (%) 45 53 
Plastic limit (%) 19 25 
Plasticity index (%) 26 28 
% Sand 43 9 
% Silt size 22 47 
% Clay size 35 44 
Specific Gravity 2.68 2.66 
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Fig. 3.19 Time-Settlement response Under Different Consolidation Pressures for (a) IIT 
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Fig. 3.20 Time-Settlement behavior under Different Consolidation Pressures for (a) IIT 
Madras Lake Clay and (b) Marine Clay Determined Using Conventional 
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Fig. 3.21 Comparison of Time vs. Degree of Consolidation Responses of Kaolinite, IIT 
Madras Lake Clay and Marine clay Determined Using Conventional and Rowe 






























Fig. 3.22 Comparison of ch Determined from Rowe and conventional Consolidation Cells 
at Different Pressures. 
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3.6 FULL-SCALE FIELD STUDIES ON SURCHARGE PRELOADING OF SOFT 
CLAY DEPOSIT 
First field study is a project involving doubling of existing broad gauge line between 
Mulamthuruthy and Kuruppanthara in the state of Kerala, India. To facilitate the track 
laying process, embankment of varying heights between 2 m to 8 m was necessary along 
the entire stretch. Preliminary site investigations revealed the presence of soft clay deposit 
of varying thickness along the entire stretch and surcharge preloading technique along 
with prefabricated vertical drains (PVDs) was selected as a ground improvement 
technique to improve the soft clay deposit. The second field study is a pilot project carried 
out to evaluate the suitability of surcharge preloading along with prefabricated vertical 
drains (PVDs) as a suitable ground improvement technique for a site at Kakinada Port in 
Andhra Pradesh, India. 
The consolidation properties namely the compression and recompression index, the 
coefficient of vertical (cv) and radial consolidation (ch) of the soil were determined in the 
laboratory on the undisturbed samples retrieved from the field for both the field studies. 
These properties were used in the design of PVDs system. The surcharge preloading in 
the form of embankments was carried out at the site and the time-settlement data were 
recorded. By back analysis, the time-settlement data from the field test were used to 
validate the ch value determined in the laboratory using the conventional consolidation 
apparatus. The details of the projects are elaborated in the following sections. 
3.6.1 Geological Condition of the Sites 
Field Study-I 
Mulamthuruthy and Kuruppanthara are the towns located in the Ernakulum and Kottayam 
districts of Kerala respectively. The foundation soil in this region is in general 
characterised by the presence of thick layers of soft and organic clay deposits (Bindu and 
Vinod, 2011). In view of doubling of existing broad gauge line between Mulamthuruthy 
and Kuruppanthara, there is a need for ground improvement by preloading. The ground 
water table is at a depth of 0.5 m from the ground level in normal seasons and at ground 
level during rains. The sub soil condition observed from the borehole data is given in 
Figure 3.23(a). The strata details are as follows. 
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(i) The top 1.7 m of soil is reddish brown sandy silty clay with gravel and stones 
having a Standard Penetration (SPT) resistance of 15.  
(ii) The soil from 1.7 to 3.5 m below the reddish brown clayey sand with gravel 
and stones having SPT value of 16.   
(iii) From 3.5 m to 4.5 m is a brownish grey silty clay having natural moisture 
content of 37.9% and SPT value of 8.  
(iv) From 4.5 m to 5.5 m is a greyish brown silty clay with stones having natural 
moisture content of 38.4% and SPT value of 0.  
(v) From 5.5 m to 6.7  m is a dark grey soft clay with organic matter having 
natural moisture content of 145.9% and SPT value of 0.  
(vi) From 6.7 m to 11.5  m is a greyish very soft to soft silty clay having natural 
moisture content of 119.3% and SPT value of 0.  
(vii) From 11.5 m to 13.5  m is a greyish sandy clay with stones having  SPT value 
of more than 50.  
Field Study-II 
The city of Kakinada in Andhra Pradesh is situated at 170 km South of Visakhapatnam 
and 650 km North of Chennai with a geographical position of 17° 05.8′ N and 82° 31.5′ 
E. The pilot study was carried out at a site near Kakinada port on a 100 m
2
 area (10 m × 
10 m). The foundation soil in this region is characterised by the presence of thick layer of 
soft marine clay deposit. In view of increasing demand for development of fertilizer 
plants and ports, there is a need for ground improvement by preloading. One bore hole 
was drilled in the treatment area to characterise the subsoil condition. The ground water 
table was at a depth of 0.5 m from the ground level. The sub soil condition observed from 
the borehole data (Figure 3.23(b)) is as follows:  
(i) The top 1.5 m of foundation soil has medium dense sand with Standard 
Penetration (SPT) resistance of 19.  
(ii) The soil from 1.5 to 3m below the ground level is loose sand with SPT value 
of 1. 
(iii) From 3 m to 14 m is a very soft blackish clay having a natural water content of 
84%. The N value of the soft clay is in the range of 1 to 2.  
(iv) The soil below 14 m is very stiff clay with N value greater than 50.  
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The disturbed clay samples (from 6.7 m to 11.5 m for Field Study-I and from 3 m to 14 
m Field Study-II) obtained from the field were used to determine the index properties in 
the laboratory. Undisturbed core samples collected at a depth of 7 m and 10.5 m for Field 
study-I and Field study-II, respectively were taken to the laboratory under sealed 
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Fig. 3.23 Bore log Details of Foundation Soil at Sites of (a) Field Study-I and (b) Field 
Study-II. 
3.6.2 Laboratory Tests 
The physical properties of the soil obtained from the boreholes (from 6.7 m to 11.5 m for 
Field Study-I and from 3 m to 14 m for Field Study-II) were determined as per the 
relevant Indian Standard specifications and are listed in Table 3.4. The soil is classified as 
CH as per IS 1498 (1970), for both the Field Studies. 
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Liquid limit (%) 137 80 
Plastic limit (%) 45 41 
Plasticity index (%) 92 39 
% Sand 0 11 
% Fines 100 89 
Classification CH CH 
One-dimensional consolidation tests were conducted on the undisturbed soil samples 
to determine the consolidation properties. The soil samples were carefully trimmed into a 
lubricated consolidation ring of 60 mm diameter and 20 mm thickness. Incremental load 
consolidation test was conducted with a load increment ratio of 1.0. Time-settlement data 
were recorded for the determination of coefficient of consolidation in the vertical 
direction. The values of compression index and recompression index are obtained as 0.50 
and 0.048, respectively, for Field Study-I and 0.6 and 0.083, respectively for Field Study-
II from the e- log σv curves (Figure 3.24(a) and 3.24(b)). The pre-consolidation pressures 
(vp) of 25 kPa and 50kPa were obtained for both the sites, respectively based on the log 
(1+e) versus log σv method proposed by Sridharan et al. (1991). The effective overburden 
pressure (o) at the sampling depth is estimated as 28 kPa and 55 kPa for the two sites, 
respectively. If o and vp are within ±20% of each other, the soil is considered normally 
consolidated soil (Coduto, 1999). Therefore, the soil deposit in the two sites could be 
considered as normally consolidated. 
The conventional consolidation apparatus was suitably modified to carry out the radial 
consolidation test as described in the previous sections. The diameter of the sampling 
tubes used by the contractor was 75 mm. Therefore, consolidation rings of 60 mm 
diameter and 20 mm thickness was used. A central hole of 6 mm diameter was made on 
the samples using a thin sampling tube of outer diameter equal to 6 mm; the hole was 
then filled with fine sand passing through 425 µ sieve and retained on 75 µ sieve. As the 
diameters of the consolidation ring and the central drain are 60 mm and 6 mm, 
respectively, the value of drain spacing ratio n is 10. Radial consolidation test was then 
conducted on the samples by applying loads in steps with load increment ratio of 1.0. 
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From the time-settlement data the values of ch were determined using Barron’s theory 
(1948), for the equal strain consolidation by the log t method suggested by Sridhar and 
Robinson (2011). 
The values of ch for both the sites for different pressure ranges are shown in Table 3. 
The values of cv obtained from the one-dimensional consolidation tests are also given in 
the Table 3.5. The value of anisotropy in permeability, defined as the ratio of (ch/cv) is 
about 4.5 and 2 for both sites, respectively. This suggests that the permeability in the 
horizontal direction is 4.5 and 2 times larger than that in the vertical direction for the two 
sites respectively. Anisotropy value of 4.5 is quite high but similar values has been 
reported in the literature (Pitchumani and Madhav, 2013). 
Table 3.5 Coefficients of Consolidation in Vertical and Horizontal Directions. 






















25-50 1.1 0.3 3.67 2.43 1.19 2 
50-100 1.18 0.25 4.72 2.65 1.32 2 
100-200 1.18 0.23 5.13 3.15 1.61 1.96 
200-400 - 0.25 - 2.9 1.52 1.91 
3.6.3 Installation of Prefabricated Vertical Drains, Instrumentation and 
Surcharging 
The prefabricated Vertical Drains of 100 mm width and 5 mm thickness were installed up 
to 11.5 m depth from ground level in a triangular pattern at a centre to centre spacing of 1 
m at the site of Field Study-I. The instrumentation in the surcharge loaded area consisted 
of one settlement gauge and one Casagrande type piezometer. The surcharge load for the 
conventional pre-consolidation was applied through a soil heaped to a height of 2.79 m in 
stages over a period of 75 days starting from April 2014 (shown in Figure 3.25(a)). The 
average unit weight of the surcharge fill was 19 kN/m
3
inducing a surcharge pressure of  
53 kPa. At the second field study site, prefabricated Vertical Drains of 100 mm width and 
4 mm thickness were installed up to 14 m depth from ground level in a triangular pattern 
at a centre to centre spacing of 1 m. A total of 63 numbers of prefabricated drains were 
installed at the test site. The instrumentation in the surcharge loaded area consisted of one 
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settlement gauge at the center, two lateral movement markers, one water stand pipe and 
two Casagrande type Piezometers at approximately 7 m and 12 m depth below the ground 
level. The surcharge load for conventional pre-consolidation was applied through a soil 
heaped to a height of 1.1 m in a single stage over two days (shown in Figure. 3.26(a)) 
with side slopes of 1V:1H. The average unit weight of the fill was 19 kN/m
3
, and it 
induced a surcharge pressure of 20.9 kPa. All the instruments were monitored on a 
periodic basis. 
3.6.4 Estimation of Consolidation Settlement 
The ultimate settlement under a surcharge load of  48.93  kPa, applied by surcharge of 
2.575 m (excluding surcharge load up to initial 45 days) soil fill for Field Study-I and 
under a surcharge load of 20.9 kPa, applied by surcharge of 1.1 m sand fill Field Study-II, 
was calculated by assuming 2:1 stress distribution with depth. The foundation soils at 
both sites are normally consolidated as stated earlier. The values of compression index 
and initial void ratio were taken based on the one-dimensional consolidation test data and 
from field data. The estimated settlements are 299.5  mm and 143.5 mm for the two sites, 
respectively.  
3.6.5 Field Observations 
For Field Study-I, the surcharge load and the corresponding settlements after initial 
45days is considered for the analysis. The time settlement under surcharge load is 
available for a period of 111 days from May 2013 to August 2014 and is plotted in Figure 
3.25(b). For Field Study-II, the surcharge pressure was applied on 20
th
 November 2012 
and monitored for 24 days. The test had to be abandoned due to cyclonic rains and 
flooding due to the cyclone Nilam during North-East monsoon. The time settlement under 
surcharge load is plotted in Figure 3.26(b). Assuming that the time-settlement data 
follows a rectangular hyperbola (Tan et al., 1991), the ultimate settlement is predicted as 
288.9 mm for Field Study-I and 149 mm for Field Study-II , which are very close to the 
estimated settlement of 299.5 mm for Field Study-I and  143.5 mm for Field Study-II, 
respectively using the consolidation test data.  
87 
 


















































Fig. 3.25 (a) Surcharge Construction and (b) Corresponding Settlement for Field Study I  
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Fig. 3.26 (a) Surcharge Construction and (b) Corresponding Settlement for Field Study II. 
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Under surcharge loading, the consolidation takes place in both vertical and radial 
directions. Using an average ch value of 1.15 m
2
/year and cv of 0.26 m
2
/year for the first 
site and an average ch value of  2.8 m
2
/year and cv of 1.4 m
2
/year for the second site, the 
predicted time-settlement curve using Carrillo’s method (1942), incorporating both 
vertical and radial drainage, is shown in Figure 3.27(a) and Figure 3.27(b), respectively 
along with the field test data. The predictions  match closely with the field settlement for 
first site, suggesting that the field values of ch and cv are quiet close to laboratory 
measured values. The ch values were also back calculated assuming that the anisotropy in 
permeability ch/ cv in the field is also 4.5. The value of ch is back calculated as 1.4 m
2
/year 
by trial and error, which is about 22% higher than the laboratory value. Assuming the 
anisotropy in permeability in the field is also equal to 2, the value of ch is back calculated 
as 4.74 m
2
/year by trial and error for Field Study- II. In other words, the field value of ch 
is about 1.7 times higher than the laboratory values. Similar observations were reported 
by Conte and Troncone (2009), that the laboratory value of ch is smaller than the field 
values. The reason for this discrepancy may be attributed to the sample size effects in the 
laboratory and the presence of sand seams in the soil deposit in situ, which aid faster 


































Based on back analysis
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Fig. 3.27(a) Predicted and Measured Time-Settlement Curve Under Surcharge Loading 




Fig. 3.27(b) Predicted and Measured Time-Settlement Curve Under Surcharge Loading 
for Field Study II. 
Nevertheless, the predicted time-settlement data is reasonable. Hence based on the 
above two field studies, as an initial estimate for the design of preloading schemes, the ch 
from laboratory radial consolidation test using the conventional consolidation cell can be 
used with confidence. It may be noted that smearing was considered in the analysis. The 
results are reasonable without considering smear effects. It appears that severe smearing 
has not occurred for the two field studies reported in the chapter. Further studies are 
required in this aspect. 
3.7  SUMMARY 
The influence of vertical sand drain diameter (in case of inward radial flow test) and the 
drainage boundary (inward or outward radial flow) on laboratory determination of ch has 
been brought out through this chapter. To study the influence of diameter of central sand 
drain on the laboratory determination of ch, consolidation tests with radial drainage were 
conducted using 100 mm diameter Rowe consolidation cell with sand drain diameter of 
50 mm , 15 mm and 10 mm, respectively. Consolidation tests were carried out using the 























ch = 2.8 m
2/year, cv = 1.4 m
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Based on back analysis
ch = 4.74 m




porous plastic peripheral drain. Also, the utilization of conventional consolidation cells 
over Rowe consolidation cell for the determination of ch was brought out through 
laboratory consolidation testing on three different soil samples. The validity of employing 
the ch values determined using the conventional consolidation cell to field problems was 
brought through two field studies. The following major conclusions are drawn based on 
the test results reported in this chapter. 
Coefficient of horizontal consolidation, ch, determined from inward radial flow tests 
towards a central sand drain depends on the diameter of sand drain. The values of ch for 
50 mm diameter sand drain in 100 mm diameter clay specimen are 57% - 74% lower than 
that from 10 mm diameter sand drain in 100 mm diameter clay specimen. Therefore, in 
radially inward flow test, the value of n should be at least 10, i.e. for a 100 mm 
consolidation cell, a central sand drain having a maximum diameter of 10 mm is 
recommended for reliable estimates of ch.  
For a 60 mm 1-D consolidation cell (IS: 2720-Part 15, 1986), a central sand drain 
having a maximum diameter of 6 mm is recommended for reliable estimates of ch, which 
was confirmed by analysing two case studies.   
The values of ch for outward radial flow test are 85% - 194% lower than that from 
inward radial flow test with drain spacing ratio of 10. Therefore, radially inward flow test 
towards a central sand drain is recommended for laboratory determination of ch. 
The ch value obtained from conventional consolidation cells are practically the same as 
those from Rowe's consolidation cell. Therefore, for all practical purposes, the 
conventional consolidation cells can be used for the laboratory determination of ch. 
 
CHAPTER 4 
LABORATORY DETERMINATION OF ch - STRESS 
DISTRIBUTION AND PORE WATER PRESSURE 
DISSIPATION STUDIES 
4.1 INTRODUCTION 
The influence of vertical sand drain, drainage boundary conditions (inward or outward) 
and the type of consolidation cell on the laboratory determination of ch were discussed in 
the previous chapter.  It was found that the ch values determined by outward radial flow 
test are lower compared to the values determined by inward radial flow test. The reason 
for this observation is explored in this chapter. 
This chapter presents the details of radial flow consolidation tests performed using an 
instrumented consolidation cell of 150 mm diameter. The loading frame specially 
fabricated for performing consolidation test on this large diameter specimen is also 
presented in this chapter. The results of inward and outward radial flow consolidation test 
is presented. Finally, the numerical modelling of the radial consolidation problem was 
done to gain more insights into the stress distribution and pore water pressure dissipation 
behaviour of soil under radial consolidation. 
4.2 INSTRUMENTED CONSOLIDATION CELL 
The test apparatus used is similar to the 100 mm diameter conventional consolidation cell 
reported in Section 3.5.1, of the previous chapter, with few modifications. The schematic 
diagram of the instrumented  conventional consolidation Cell is shown in Figure 4.1. The 
cell base is made of 40 mm thick aluminium plate.  The oedometer ring and guide ring 
were made of stainless steel and are 60 mm and 50 mm in height respectively. The inner 
diameter of oedometer is 150 mm. The cell base has suitable provisions for mounting the 
total stress and pore water pressure transducers. No drainage line is provided at the cell 
base. The total stress and pore water pressure transducers were mounted on to the 
adapters (Figure 4.2) which in turn were fixed to the consolidation cell base. The 
photograph of the cell base with mounted transducers are shown in Figure 4.3 and Figure 
4.4. Three total stress transducers (TST) and two pore water pressure transducers (PPT) 
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were mounted on the cell base. The total stress transducers were placed at center, 0.55R 
and 0.9R, respectively. The two pore water pressure transducers were placed at 0.55R and 
0.9R, respectively. The settlement measurement was made using an LVDT. An automatic 
data logger was used to record the settlement, total stress and the pore water pressure 
readings. A specially designed and fabricated pneumatic loading system was used for 
applying load to the consolidation cell. The details of the pneumatic loading system is 

























Fig. 4.1 Schematic of the Instrumented  Conventional Consolidation Cell. 
 
 







Fig. 4.3 Photograph of the Cell Base (Top) with Mounted Transducers. 
 




4.3 PNEUMATIC CONSOLIDOMETER 
4.3.1 Design Considerations 
The main factors considered in the design of pneumatic consolidometer include the 
accommodation of different consolidation specimen diameters, capacity of pneumatic 
piston, measurement and control units and the capacity of the load frame. The capacity of 
the load frame and the capacity of the pneumatic piston are fixed based on the size of the 
consolidation specimen and the maximum pressure to be applied to the largest specimen. 
The measurement and control units include the pressure regulators, digital display unit, 
control valves and the provision for dial gauge and the LVDT. 
4.3.2 Equipment Configuration 
The schematic of the pneumatic consolidometer is shown in Figure 4.5. The main 
components include the pneumatic cylinder, load frame, digital indicator, pressure 
regulator, pressure accumulator, control valves and provisions for LVDT or dial gauge. 
The present equipment is designed considering a 150 mm diameter consolidation 
specimen. The flow chart describing the connections is shown in Figure 4.6. The details 
of each of the components are summarized in the following paragraphs. 
The pressure to be applied to the consolidation specimen is provided by the pneumatic 
cylinder of FESTO make. Different ranges (capacity) of pneumatic cylinder are available 
and the selection of particular pneumatic cylinder is based on the capacity of the external 
pressure source and the desired or maximum pressure to be applied to the specimen. In 
the present design, pneumatic cylinder of 125 mm diameter and 100 mm stroke was 
selected.  
The load frame is designed to provide the desired reaction to the soil specimen. It 
consists of two 32 mm diameter vertical rods connected to a 400 mm x 140 mm x 25mm 
plate at the bottom and a 400 mm long and 50 mm square rod at the top. The pneumatic 
cylinder is attached to the load frame through the 25 mm thick mild steel plate as shown 
in Figure 4.5. The whole assembly is housed inside the stainless steel box as shown in 
Figure 4.5. A 18 mm diameter concentric hole is provided in the top square rod for 
placing a reaction piston. A stainless steel seating plate of 200 mm diameter and 20 mm 





















Fig. 4.5 Schematic of Pneumatic Consolidometer. 
 
Fig. 4.6 Flow Chart Describing the Connections. 
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The digital indicator (SMC make) is a miniature display unit, which is powered by a 
12 Volt DC adapter and has a range of options for pressure measurement. The pressure 
regulator is a precision regulator to accurately (of order of 1 kPa) regulates the pressure to 
the pneumatic cylinder. An accumulator is provided to supply a constant pressure to the 
pneumatic cylinder instantly. A two way valve is used to supply or stop the flow of 
pressure to the pneumatic cylinder. This is essential when incremental loading is adopted 
during consolidation testing. Suitable provisions are made for placing LVDT or dial 


















Fig. 4.7 Photograph Showing Pneumatic Consolidometer and the 150 mm Diameter 
Consolidation Cell. 
4.3.3 Calibration of Pneumatic Consolidometer 
The calibration of Pneumatic Consolidometer was performed with the help of a calibrated 
load cell of 5 kN capacity. The calibration was done taking into account the self weight of 
the consolidation set up and the specimen. The calibration plot for the current set up is 
shown in Figure 4.8. 
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Applied Pressure (P), kPa
F=0.0123*P+0.07
 
Fig. 4.8 Calibration Chart for Pneumatic Consolidometer. 
4.4 EXPERIMENTAL PROGRAM 
Experimental studies were carried out to understand the radial stress distribution and pore 
water pressure dissipation during consolidation in the soil under radially inward or 
radially outward flow conditions, through total stress and pore water pressure transducers 
placed at different radial distance in the bottom of a 150 mm diameter conventional 
consolidation cell. The kaolin clay sample mentioned in the previous chapter was used in 
the current experimental programme also. The experimental programme commenced with 
the calibration of total stress and pore water pressure transducers as described in the 
following section. 
4.4.1 Calibration of Total Stress (TST) and Pore Pressure Transducer (PPT) 
The photograph of the total stress and pore water pressure transducers are shown in 
Figures 4.9(a) and 4.9(b), respectively. The miniature total stress transducer, PDB-PA-
500 (TML make) is 6.5 mm in diameter and 1 mm in thickness. This transducer is 
waterproofed and can be used under water. The total stress that can be measured safely 
using this transducer is 500 kPa. Druck PDCR-81 miniature pore water pressure 
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transducers (PPTs) were used in the present study to measure the pore water pressure 
changes in clay. Druck PDCR-81 has porous filter at its tip and has to be saturated and 
calibrated before use. The pore water pressure that can be measured safely using this 
transducer is 300 kPa. Druck PDCR-81 PPTs has a safe excitation voltage of 5V while 
PDB-PA-500 has a safe excitation voltage of 2 V. The pore water pressure transducers 
and the total stress transducers were calibrated in water and clay as the stress transfer 
depends on the medium where the transducer is placed. 
The saturation and calibration of the PPTs in water were done using the triaxial cell 
setup and the special adapter shown in Figure 4.10. The adapter was connected to the 
triaxial cell and the cell was filled with water. The cell was pressurised under 300 kPa and 
the PPT was allowed to saturate for 3 hrs and then the pressure was released for 15 min. 
The cycle was repeated until the output of each PPT responded almost immediately to the 
applied pressure. The total stress transducers were calibrated in triaxial cell with 
application of cell pressure and recording the corresponding output from the transducer. 
(a)
(b)
Fig. 4.9 (a) Total Stress Transducer and (b) Pore Pressure Transducer. 
The PPT and the total stress transducers were also calibrated in kaolin clay using the 
same 150 mm diameter conventional consolidation cell. The procedure for calibration is 
similar to performing 1-D consolidation testing and the output from the transducers are 
recorded for each pressure increment. The procedure and calibration plots of each PPTs 











Fig. 4.10 Adapter for Saturation and Calibration of PPTs and Stress Transducers. 
4.4.2 Inward flow Test 
The schematic of the instrumented conventional consolidation cell for inward radial flow 
consolidation test was shown in Figure 4.1. The consolidation ring and the collar were 
lubricated with silicone grease. The kaolin clay was mixed into slurry, with water content 
of about 1.5 times the liquid limit, and de-aired. The slurry was placed in the 
consolidation cell to a thickness of 100 mm. Care was taken to avoid entrapment of air 
bubbles. The slurry was then gradually loaded and subjected to one-dimensional 
consolidation under single drainage (no drainage at the base) to a pressure of 12.5 kPa. 
Once the consolidation was over, the collar was removed and the soil was trimmed to the 
size of the consolidation ring of 150 mm diameter and 60mm thick. A Perspex guide of 
150 mm diameter and 10 mm thickness, having a central hole of 15 mm diameter, was 
then positioned above the soil sample. A sampling tube, having outer diameter of 15 mm 
and inner diameter of 14 mm, was pushed through the soil to make a central hole. The 
hole was filled with clean sand in loose condition. The porous stone and the top cap were 
then placed above the soil sample after introducing 150 mm diameter rubber sheet having 
a central hole of 15 mm diameter. Incremental load consolidation tests were conducted at 
a load increment ratio of 1.0. During the consolidation process, the time-settlement, total 
stress and pore water pressure data were recorded. The time settlement plot is shown in 
Figure 4.11. 
The dissipation of pore water pressure with time under different consolidation 
pressures at 0.55R and 0.9R are shown in Figure 4.12(a) and 4.12(b) respectively. In 
Figure 4.12(b) we can clearly observe the Mandel-Cryer effect (Mandel, 1953; Cryer, 
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1963) at the early times of consolidation. But in Figure. 4.12(a), the Mandel-Cryer effect 
cannot be observed, since it is close to the drain and the pore water pressure dissipates 
immediately. From Figure 4.12(a), we can observe that at 0.55R the pore water pressure 
dissipates completely with time for the consolidation pressure from 12.5 kPa to 50 kPa. 
However after 50 kPa consolidation pressure, the pore water pressure starts to 
accumulate. The same phenomenon of undissipated pore water pressure had been 
reported by Hansbo et al. (1981). This may be due to the clay soil close to the drain 
consolidating first and becoming stiffer rapidly and attracting more load as the 
consolidation progresses leaving the soil away from the drain softer and hence the 
undissipated pore water pressure. From Figure 4.12(b), we can observe that at 0.9R the 
pore water start accumulating from pressure of 12.5 kPa. This can also be attributed to the 
stiffening of clay column close to the sand drain.  
The variation of total stress with time under different consolidation pressures at center, 
0.55R and 0.9R are shown in Figure 4.13(a), 4.13(b) and 4.13(c) respectively. From 
Figure 4.13(a), we can observe that at the center, the sand takes very high pressure 
relative to that carried by clay. From Figure 4.13(b), we can observe that at 0.55R, the 
total stress is equal to the applied consolidation stress and remains as such throughout the 
consolidation period. From Figure 4.13(c), we can observe that at 0.9R the total stress is 
equal to the applied consolidation stress at initial times of consolidation, but it starts 
decreasing as the consolidation progresses. This can be attributed to transfer of more 
loads towards the center as the consolidation progresses. This can be observed in the 
Figure 4.13(a), as the consolidation progresses the pressure taken by the sand increases 
till the time there is decrease in the pressure taken by the transducer at 0.9R. The plot of 
total stress at center, 0.55R and 0.9R under different consolidation pressures are shown in 
Figure 4.14.  
The variation of water content in the radial direction and away from the sand drain is 
shown in Figure 4.15. From Figure 4.15, we can observe that the water content increases 
with the increase in radial distance from the central sand drain, which proves the clay soil 
close to the drain consolidating first and becoming stiffer rapidly and attracting more load 
and hence the lesser water content near the drain and more water content as we go away 
from the drain. 
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Fig. 4.11 Time-Settlement Response of Inward Radial Flow Test. 
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Fig. 4.12(b) Time-Pore Pressure Dissipation Response of Inward Radial Flow Test at 
0.9R. 
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Fig. 4.13(b)  Time-Total Stress Response of Inward Radial Flow Test at 0.55R. 
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Fig. 4.13(c)  Time-Total Stress Response of Inward Radial Flow Test at 0.9R. 
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Fig. 4.14 Stress Distribution in Radial Direction for Inward Radial Flow Test at the end of 
consolidation. 
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Fig. 4.15 Water content Variation in Radial Direction for Inward Radial Flow Test. 
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4.4.3 Outward Flow Test 
Consolidation test under radially outward flow condition towards a porous peripheral 
drain was carried out using the same 150 mm diameter consolidation cell (Figure 4.16). 
The sample was prepared directly in the 150 mm diameter consolidation cell along with 
the saturated porous plastic peripheral drain (Figure 4.17) having circumference and 
height being equal to that of the circumference and height of consolidation ring 
respectively. The sample preparation and consolidation testing were carried out following 
the procedure adopted in section 4.4.2 except that there is no central sand drain and the 
pore water dissipates to the porous periphery (outward flow condition) during 
consolidation. Incremental load consolidation tests were conducted at a load increment 
ratio of 1.0. During the consolidation process, the time-settlement, total stress and pore 






















Fig. 4.16 Schematic Diagram of Instrumented Conventional Consolidation Cell with 
Porous Plastic Peripheral Drain.  
The dissipation of pore water pressure with time under different consolidation 
pressures at 0.55R and 0.9R are shown in Figure 4.19(a) and 4.19(b), respectively. In 
Figure 4.19(a) we can clearly observe the Mandel-Cryer effect (Mandel, 1953; Cryer, 
1963) at the early times of consolidation. But in Figure 4.19(b), the Mandel-Cryer effect 
cannot be observed, since it close to the drain and the pore water pressure dissipates 
immediately. From Figure 4.19(b), we can observe that at 0.9R the pore water dissipates 
completely and quickly with time for all the pressure ranges.  This is due to the transducer 
being very close to the drainage boundary. From Figure 4.19(a), we can observe that at 
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0.55R the dissipation of pore water pressure is not complete and is quiet high for all the 
pressure ranges. This may be due to the clay close to the periphery consolidating first and 
becoming stiffer rapidly and attracting more load as the consolidation progresses leaving 






Fig. 4.17 Conventional Consolidation Cell with Porous Plastic Peripheral Drain.  
The variation of total stress with time under different consolidation pressures at center, 
0.55R and 0.9R are shown in Figure 4.20(a), 4.20(b) and 4.20(c), respectively. From 
Figure 4.20(c), we can observe that at 0.9R, the total stress is only 60 % of the applied 
consolidation stress in all pressure ranges. This may be due to the friction caused by the 
porous plastic drain. As the consolidation progresses, there is gradual increases in total 
stress indicating load transfer from center towards periphery. From Figure 4.20(b), we 
can observe that at 0.55R the total stress is only 90 % of the applied consolidation stress 
in all pressure ranges. Here also, as the consolidation progresses there is gradual increases 
in total stress indicating load transfer from center towards periphery. As expected, from 
Figure 4.20(a), we can observe that at center  the total stress is 60 % of the applied 
consolidation stress in all pressure ranges and as the consolidation progress there is 
gradual decreases in total stress indicating load transfer from center towards periphery. 
The plot of total stress at center, 0.55R and 0.9R under different consolidation pressures 
are shown in Figure 4.21.  
The variation of water content in radial direction is shown in Figure 4.22. From Figure 
4.22 we can observe that the water content decreases with the increase in radial distance 
from the central of clay, which proves the clay soil close to the periphery consolidating 
first and becoming stiffer rapidly and attracting more load and hence the more water 
content near the center and lesser water content towards the periphery. 
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Fig. 4.18 Time-Settlement Response of Outward Radial Flow Test. 
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Fig. 4.19(b)  Time-Pore Water Pressure Dissipation Response of Inward Radial Flow Test 
at 0.9R. 
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Fig. 4.20(b)  Time-Total Stress Plot for Outward Radial Flow Test at 0.55R. 
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Fig. 4.20(c) Time-Total Stress Plot for Outward Radial Flow Test at 0.9R. 
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Fig. 4.21 Stress Distribution in Radial Direction for Outward Radial Flow Test at the end 
of consolidation. 
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Fig. 4.22 Water content Variation in Radial Direction for Outward Radial Flow Test. 
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4.4.4 Direct Shear Tests to Evaluate Coefficient of Friction (δ) Between Kaolin Clay 
and Porous Plastic Drain 
In the outward flow radial consolidation test, it was expected that the clay close to the 
drain takes more pressure compared to that away from the drain. From Figure 4.20(a), it 
was observed that at 0.9R, the total stress is only 62.5% of the applied consolidation 
stress in the 100 - 200 kPa pressure range. It was indicated in Section 4.5.2 that, friction 
between the clay and the porous plastic drain might have caused this low value of total 
stress taken by the soil, as the drain could not be lubricated. Hence, in order to validate 
the above discussion, direct shear tests were carried out to evaluate the coefficient of 
interface friction, δ, between kaolin clay and the porous plastic drain. The experimental 
setup and procedure for determining the coefficient of friction, δ, between kaolin clay and 
the porous plastic drain is described in the following paragraphs. 
 The photograph of the direct shear apparatus is shown in Figure 4.23(a). The top half 
of the apparatus is the usual top half of the direct shear apparatus of size 60 mm by 60 
mm. The bottom half of the apparatus is the porous plastic drain pasted on to the top 
surface of a concrete block of size 88 mm by 88 mm (Figure 4.23(b)). The clay slurry was 
prepared by mixing kaolinite with a water content of about 1.5 times the liquid limit. The 
clay slurry was poured directly on the porous plastic drain pasted on to the top surface of 
the concrete block. The slurry was then consolidated under required normal pressure in 
stages to avoiding squeezing of soil. Drainage was allowed from both sides with porous 
stone and the filter paper on top of the clay and the porous plastic drain at the bottom of 
the clay. The settlement was monitored during sample preparation and once the 
consolidation was over, the specimen was trimmed to a height of 12.5 mm. Porous grid 
plates were placed on top of the clay and the specimen were reconsolidated under the 
required normal stress. Direct shear tests were carried out for two different normal 
stresses of 50 kPa and 100 kPa, respectively. 
The direct shear tests were carried out as per the procedure given in IS : 2720 (Part-13) 
(1986), under drained conditions. The rate of shearing was kept slow so that the excess 
pore pressure remains zero throughout the specimen while shearing. As per IS: 2720-Part 
13 (1986), the rate of shearing was obtained based on the coefficient of consolidation, cv, 
values. The deformation rate adopted was 0.025 mm/min. The horizontal force acting on 
the specimen was measured using a proving ring. A horizontal dial gauge was used to 
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measure the horizontal deformation of the specimen during shearing. A vertical dial 
gauge was used to measure the volume change of the specimen during shearing. 
Plastic Drain (88 mm x 88 mm)
Concrete Block (88 mm x 88 mm)
Direct Shear Box (60 mm x 60 mm)
(a) (b)
  
Fig. 4.23 (a) Direct Shear Box and (b) Porous Plastic Drain over Concrete Block. 
Figure 4.24 shows the variation of shear stress with horizontal displacement for kaolin 
clay specimen over the porous plastic drain. Figure 4.25 shows the failure envelope of the 
kaolinite specimen over the porous plastic drain. The coefficient of interface friction, δ, 
between kaolin clay and the porous plastic drain is obtained as 23°.  
Direct shear tests on kaolin clay specimens were also carried out to find the angle of 
internal friction, ' . The direct shear tests were carried out as per the procedure given in 
IS: 2720-Part 13 (1986), for two different normal stresses of 50 kPa and 100 kPa, 
respectively. The deformation rate adopted was 0.025 mm/min. Figure 4.26 shows the 
variation of shear stress with horizontal displacement for kaolin clay specimen. Figure 
4.27 shows the corresponding failure envelope. The angle of internal friction, ' , from 
direct shear test for kaolin clay is obtained as 24°. The coefficient of interface friction, 
23°, between kaolin clay and the porous plastic drain is very close to 24°, the peak angle 
of internal friction, ' , for the kaolin clay. This shows that there is considerable friction 
between the clay and the porous plastic drain, which can affect the value of ch determined 
under outward flow test. The amount of shear stress expected between clay and plastic 
drain is quantified as described below and compared with the experimental results from 
outward flow test. 
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Fig. 4.24 Variation of Shear Stress with Horizontal Displacement between Kaolin Clay 
and Porous Plastic Drain from Direct Shear Tests. 
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Fig. 4.26 Variation of Shear Stress with Horizontal Displacement for Kaolin Clay from 
Direct Shear Tests. 
































Fig. 4.27 Failure Envelope for Kaolin Clay from Direct Shear Tests. 
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The angle of internal friction, ' , from direct shear test for kaolin clay is 24°. Using 
empirical relationship (Eq. 4.1) given by Jaky (1944), the value of coefficient of earth 
pressure at rest, K0NC is obtained as 0.59. 
     0 1 sin 'NCK       (4.1) 
The outward flow consolidation test was conducted for four pressure increments 
namely, 25 kPa, 50 kPa, 100 kPa and 200 kPa. The corresponding horizontal stress (σh) is 
given in Table 4.1. The coefficient of interface friction, δ, between kaolin clay and the 
porous plastic drain is 23°. From this, the shear stress between the kaolin clay and the 
porous plastic drain during outward flow consolidation test is predicted and is given in 
Table 4.1. Then the predicted total stress carried by the soil would be the difference 
between the applied vertical pressure and the predicted shear stress. The predicted total 
stress at the base is given in Table 4.1. The final stress at the end of consolidation of each 
load increment at 0.9R is shown in Figure 4.21. The same is given in Table 4.1. From 
Table 4.1, we observe that the predicted values are quiet close to the experimental values 
for the pressure of 25 kPa and 50 kPa. However, for the pressure of 100 kPa and 200 kPa, 
the predicted values are higher than that measured from the experiments. Nevertheless, 
based on the above observations, it can be concluded that there is considerable friction 
between the clay and the porous plastic drain, which can affect the value of ch determined 
from outward radial flow consolidation test towards a porous plastic peripheral drain. 





stress (σh), kPa 
Predicted Shear 
Stress (τ)p, kPa 
Predicted Total 
Stress at the 
base, kPa 
Measured Total 
Stress at the base, 
kPa 
25 14.75 6.25 18.75 21.06 
50 29.5 12.51 37.49 34.29 
100 59 25.01 74.98 58.79 
200 118 50.03 149.97 123.7 
4.4.5 Comparison of Inward and Outward Radial Flow Consolidation Tests 
The results from inward radial flow consolidation test shows that the there is non-
uniform stress distribution and the resulting non-uniform water content in radial direction. 
But the non-uniform stress distribution within clay is not as high as in the case of outward 
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radial flow consolidation test. Also the undissipated pore water pressure away from the 
drainage boundary is quiet less compared to the that from outward radial flow test. Also, 
the influence of side wall friction is negligible as the sides are smooth and smeared with 
silicone grease. The outward radial flow consolidation test results are heavily affected by 
side wall friction due to porous plastic peripheral drain. The same has been proved by 
evaluating the coefficient of interface friction, δ, between the porous plastic drain and the 
kaolin clay. As a result the pressure taken by the clay near the drainage boundary was 
very low. Also the accumulation of pore water pressure away from the drainage boundary 
is quiet high compared to the that from inward radial flow consolidation test. The 
circumference of the drainage boundary plays an important role in the accumulation of 
pore water pressure. It was postulated in Section 3.4.2, that the clay soil close to the drain 
consolidates first becoming stiffer rapidly and attracts more load as the consolidation 
progresses leaving the soil away from the drain softer. This stiffening of the clay close to 
the drain retards the rate of consolidation further, resulting in reduced value of ch. If the 
circumference of the drainage boundary is higher, then lower will be the ch of soil. As a 
result, the ch values determined with radially outward drainage towards a porous 
peripheral drain will be low compared to those determined by inward radial flow test. 
Hence based on above findings, it is recommended that inward radial flow consolidation 
tests with higher n value of 10 and above should be adopted to determine the ch of soil in 
the laboratory. Outward radial flow consolidation test is not recommended for 
determining the ch of soil, as it is heavily influenced by side wall friction and gives lower 
value of ch. 
4.5 NUMERICAL ANALYSIS OF RADIAL CONSOLIDATION PROBLEM 
The numerical analyses of the inward and outward flow radial consolidation tests are 
described in the succeeding sections. Section 4.5.1 describes finite element idealisation of 
the radial consolidation problem. ABAQUS Version 6.12 (ABAQUS Inc., 2012) is 
employed in the current analysis. A coupled consolidation finite-element (FE) analyses in 
axi-symmetric space was carried out to understand the  radial consolidation problem. The 
constitutive model and material parameters for clay and sand are described in section 4.6. 
The results of numerical analysis are compared with experimental results and the 




4.5.1 Numerical Model - Finite Element Idealisation 
The kaolin clay is assumed to follow the modified Cam-clay model and unless otherwise 
mentioned the properties are assumed to be isotropic. All the numerical models are 
modelled in axi-symmetric space. The sides of the soil model are allowed to move in 
vertical direction and are restrained in the horizontal direction by using a roller support. 
The base of the soil model is restrained in both vertical and horizontal direction. The 
relative displacement at the interface between clay and sand drain in the model is 
restrained. The permeability of the clay is assumed to be isotropic and allowed to vary 
with void ratio. The initial conditions namely, initial effective stresses, initial pore water 
pressure and initial void ratios are included in the ABAQUS input file. The input initial 
void ratios are based on the measured water content at the start of radial consolidation test 
at 12.5 kPa. The boundary conditions for the pore water pressure are based on inward or 
the outward flow conditions and are detailed in Section 4.7.  
4.6 CONSTITUTIVE MODEL AND MATERIAL PARAMETERS 
The stress-strain behaviour of kaolin clay used in the present study is assumed to follow 
the Modified Cam-Clay Model (Roscoe and Burland, 1968). The Modified Cam-Clay 
Model. is based on the Critical State Soil Mechanics theory (Schofield and Wroth, 1968) 
and the important Critical State paramters are λ, κ, N, M and Γ which are shown in Figure 
4.28 (v-p plot)  and Figure 4.29 (q-p plot, where mean principal stress P’= 1/3 (𝜎1′ + 𝜎2′ 
+ 𝜎3′) and deviatoric stress q’= (σ1’-σ3’)) and are explained below. 
1. λ is the gradient of isotropic normally consolidated line in v-ln (p') space. 
2. κ is the gradient of the swelling or recompression lines in v -ln(p') space. 
3. N, is the void ratio at unit p' on the isotropic normally consolidation line in v -ln 
(p') space. 
4. No, is the void ratio at unit p' on the 1- D consolidation line in v -ln (p') space. 
5. M, the value of the stress ratio q/p' at critical state.  
6. Γ, is the critical state void ratio at unit p' on the CSL. 
All the Critical State parameters for kaolin clay are obtained through conventional 
laboratory experiments like isotropic consolidation tests and static triaxial tests. The 
parameters λ and κ were obtained from isotropic consolidation tests. Isotropic 
consolidation tests were conducted as per the procedure given in Head (2006). Isotropic 
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consolidation tests were carried out on 50 mm diameter and 100 mm height specimens. 
The v - ln p' plot obtained from isotropic consolidation test for the kaolin clay is shown in 
Figure 4.30. λ is the slope of the compression line and κ is the slope of the re-compression 
line in the v - ln p' plot. The initial values of void ratio is obtained from v - ln p' for the 










































Fig. 4.30 Mean Effective Stress -Specific Volume Plot for Kaolin Clay. 
The parameters M was obtained from standard static triaxial tests. Consolidated 
undrained triaxial tests were conducted as per the procedure given in Head (2006). 
Specimens of 50 mm diameter and 100 mm in height were used for static triaxial tests. 
The triaxial test has been carried out for three different cell pressures of 50, 100 and 200 
kPa. During the test, axial deformation, the deviatoric stress and pore pressure generated 
were recorded. The parameter M is obtained as the slope of the critical state line in the p'-
q plane shown in the Figure 4.31. From the plot, the critical state parameter M is obtained 
as 1.113. The value angle of friction is obtained as 28°
 
from M through the relationship 









     (4.2) 
The empirical relationship (Eq. 4.1) given by Jaky (1944),  has been used to find K0NC. 
Based on Eq. 4.1, the value of K0NC is obtained as 0.53. Poisson’s ratio is obtained as 0.35 
through the relationship 










    (4.3) 
122 
 
















Fig. 4.31 Mean Effective Stress -Deviatoric Stress Plot for Kaolin Clay. 
The permeability of kaolin clay at different effective confining pressure of 100 kPa, 
200 kPa and 400 kPa was determined using the flexible wall permeability apparatus. 
Flexible wall permeability tests were conducted as per the procedure given in ASTM 
D5084-10. The plot of effective confining pressure versus the permeability is shown in 
Figure 4.25. The permeability is assumed to be isotropic as the kaolin clay is flocculated 
and is allowed to vary with void ratio based on the Eq. 4.4 from the Figure 4.32 obtained 
from the permeability tests. 
    0.2035 ln( ) 4.9844e k         (4.4)  



























Fig. 4.32 Void Ratio-Permeability Plot. 
Table 4.2 Summary of Material Parameters used in FE Analysis. 




λ Slope of compression line in e-ln p’ plot 0.108 
κ Slope recompression line in e-ln p’ plot 0.016 
N Void ratio at p’ = 1 kPa on NCL 2.500 
M Slope of critical state line in q-p' plot 1.113 
eo Initial void ratio at 12.5 kPa 1.250 
K0NC Coefficient of earth pressure at rest 0.53 
'  Critical state friction angle 28° 
ν Poisson’s ratio 0.35 




'  Critical state friction angle 30° 
k (m/s) Permeability of sand 0.025 
E, kPa Young’s modulus of drain 25000 
ν Poisson’s ratio 0.33 




An elasto-plastic constitutive model with the Mohr-Coulomb failure criterion is adopted 
for the sand used in the inward radial flow consolidation test. As the sand was placed in 
loose condition, a friction angle of 30° have been assumed. An approximate dilation angle 
of 5
° 
is assumed. By employing Jaky’s equations relating K0NC and '  as given by Eq. 4.2, 
the value of K0NC is obtained as 0.5. Poisson’s ratio is obtained as 0.33 through the 
relationship given by the Eq. 4.3. Young’s modulus of sand is assumed to be 25000 kPa. 
The permeability of  sand is assumed as 2.5×10−
3
 at a void ratio of 0.65. The model 
parameters for sand are given in Table 4.2.  
4.7 COMPARISON BETWEEN EXPERIMENTAL RESULTS AND FINITE 
ELEMENT COMPUTES VALUES 
4.7.1 Validation of Constitutive Model and Material Parameters 
The Validation of Constitutive Model and the Material Parameters were done by 
simulating the laboratory 1-D consolidation test and comparing the time-settlement plots 
form the numerical analysis with the experimental plots. The numerical model for 1-D 
consolidation test in axi-symmetric space is shown in Figure 4.33. The thickness of clay 
is 40 mm and that of the top cap to simulate the equal strain condition is 10 mm. The 
radius of the clay model is 50 mm. The displacement boundary conditions are as 
described in Section 4.5.1. Considering two way drainage condition, the pore water 
pressure boundary conditions, were assumed as zero at the top and bottom of the clay 
layer. The instantaneous seating pressures and the other pressure increments are applied 
in stages on top of the top cap. The FE mesh discretisation is also shown in Figure 4.33. 
A CAX8RP element with eight displacement axi-symmetric nodes and four pore pressure 
nodes with reduced integration is employed in the present analysis. 
The time-settlement from the experiment and numerical analysis for the pressure 
increment of 25 kPa to 50 kPa is compared in Figure 4.34. From the Figure 4.34, we can 
observe that the experiment and numerical time-settlement curves compares well in the 
entire time range. Also the total settlement from the numerical analysis is very close to 
the experimental values. Hence the material parameters given in Table 4.2 is used for 










































Fig. 4.34 Measured and Computed Time-Settlement Response of 1-D Consolidation Test 
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4.7.2 Inward flow Test 
The numerical model for inward radial flow consolidation test in axi-symmetric space is 
shown in Figure 4.35. The thickness of clay is 60 mm and that of the top cap to simulate 
the equal strain condition is 10 mm. The radius of the clay portion is 67.5 mm and that of 
sand is 7.5 mm. The displacement boundary conditions are as described in Section 4.5.1. 
The pore water pressure boundary conditions, assumed as zero, are given along the axi-
symmetric axis in the sand portion. The instantaneous seating pressures and the other 
pressure increments are applied in stages on top of the top cap. The FE mesh 


















Fig. 4.35 Finite Element Model for Inward Radial Flow Consolidation Test. 
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The time-settlement data from experiment and numerical analysis for the pressure 
increment of 25 kPa to 50 kPa is compared in Figure 4.36. The total settlement from the 
numerical analysis is higher than the experimental value by 8%. From the Figure 4.36, we 
can observe that the time rate of consolidation for experiment and numerical are almost 






The time-pore water pressure dissipation plot from experiments and numerical analysis 
for the pressure increment of 25 kPa to 50 kPa are compared in Figure 4.37. From the 
Figure 4.37, we can observe that the time-pore water pressure dissipation plot for 
experiment and numerical are almost similar at 0.55R. At 0.9R the experimental results 
shows incomplete dissipation of pore water pressure while the numerical results shows 
complete dissipation of time pore water pressure. The same phenomenon of undissipated 
pore water pressure had been reported by Hansbo et al. (1981). It was postulated in the 
Section 3.4.2, that the clay soil close to the drain consolidates first becoming stiffer 
rapidly and attracts more load as the consolidation progresses, leaving the soil away from 
the drain softer. This stiffening of the clay close to the drain is resulting in increase in 
pore water pressure after initial reduction near the periphery.  This stiffening of the clay 
close to the drain and the subsequent increase in pore water pressure near the periphery 
retards the rate of consolidation resulting in reduced value of ch. The numerical model is 
unable to capture the increase in pore water pressure near the periphery of the clay 
specimen and is showing complete dissipation. 
The total stress distribution in radial direction from experimental and numerical 
analysis for different pressure increments are compared in Figure 4.38. The distribution of 
stress from experiments are closely matching with that of numerical analysis. From 
Figure 4.85, we can observe the non-uniform stress distribution under inward radial flow 
condition towards a central sand drain. The sand drain and the clay close to the drain 
takes higher load compared to the clay that is away from the drain and the clay at the 


























Fig. 4.36 Measured and Computed Time-Settlement Response of Inward Radial Flow 
Test. 








 0.55R - Experimental
 0.9R - Experimental
 0.55R - Numerical


















Fig. 4.37 Measured and Computed Time-Pore Pressure Dissipation Response  of Inward 
Radial Flow Test. 
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Fig. 4.38 Measured and Computed Stress Distribution in Radial Direction for Inward 
Radial Flow Test. 
4.7.3 Outward flow Test 
The numerical model for outward radial flow consolidation test in axi-symmetric space is 
shown in 4.39. The thickness of clay is 60 mm and that of the top cap to simulate the 
equal strain condition is 10 mm. The radius of the clay portion is 75 mm. The 
displacement boundary conditions are as described in Section 4.5.1. The pore water 
pressure boundary conditions assumed as zero are given along the periphery of the clay. 
The instantaneous seating pressures and the other pressures increments are applied in 
stages on top of the top cap. The FE mesh discretisation is also shown in Figure 4.39 and 
CAX8RP elements are used for the analysis. 
The time-settlement from experiment and numerical analysis for the pressure 
increment of 25 kPa to 50 kPa is compared in Figure 4.40. The total settlement from the 
numerical analysis is slightly higher than the experimental value by 2%. From the Figure 
4.40, we can observe that the time rate of consolidation for experiment and numerical are 






, respectively. The ch from numerical analysis for outward flow test is 












Fig. 4.39 Finite Element Model for Outward Radial Flow Consolidation Test. 
The time-pore water pressure dissipation plot from experimental and numerical 
analysis for the pressure increment of 25 kPa to 50 kPa are compared in Figure 4.41. 
From the Figure 4. 41, we can observe that at 0.9R , the computed time-pore water 
pressure dissipation plot deviates from the experiment results upto 250 minutes. After 250 
minutes, experiment and numerical plots are closely matching with each other. At 0.55R 
the experimental results shows incomplete dissipation of pore water pressure while the 
numerical results shows complete dissipation of time pore water pressure. This may be 
due to the clay close to the periphery consolidating first and becoming stiffer rapidly and 
attracting more load as the consolidation progresses leaving the soil away from the 
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periphery softer and hence the undissipated pore water pressure. The numerical model is 
unable to capture the stagnation of pore water pressure away from the periphery of the 
clay specimen and is showing complete dissipation. 
The total stress distribution in radial direction from experimental and numerical 
analysis for different pressure increments are compared in Figure 4.42. From Figure 4.42, 
we can observe that the stress distribution from numerical analysis is showing increasing 
trend as we move away from the center of clay specimen and the periphery of the clay is 
taking the highest load as expected. But the experimental results show lower values at 
periphery compared to the numerical results, which is due to the friction caused by the 
porous plastic drain and the same is not simulated in the current numerical model. Also 
from Figure 4.42, we can observe the non-uniform stress distribution under outward 
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Fig. 4.41 Measured and Computed Time-Pore Pressure Dissipation Response of Outward 
Radial Flow Test. 
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Fig. 4.42 Measured and Computed Stress Distribution in Radial Direction for Outward 
Radial Flow Test. 
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4.7.4 Inward flow Test - Influence of Drain Diameter 
To study the influence of diameter of central sand drain on the value of  ch, numerical 
analysis with inward radial drainage were conducted using 150 mm diameter model with 
different values of drain spacing ratio, n, namely 5, 10 and 20 and the corresponding 
diameter of sand drain are 30 mm , 15 mm and 7.5 mm, respectively. The time-settlement 
response of the models under different values of drain spacing ratio, n, are shown in 
Figure 4.43 for the pressure range of 25 - 50 kPa. The values of ch, for drain spacing ratio, 






, respectively. Similar to 
experimental results, the values of ch, determined from numerical analysis are also 
showing increasing trend with decrease in drain diameter, but not at the same rate as from 
the experiments. Hence, the numerical model is unable to capture the decrease in value of 
ch, with increase in drain diameter, accurately. This may be due the fact that numerical 
model is showing complete dissipation of pore water pressure in the entire model, while 
the experimental results showed incomplete dissipation of pore water pressure away from 
the drainage boundary, thereby retarding the consolidation process and consequently, the 
























Fig. 4.43 Computed Time-Settlement Response of Inward Radial Flow Test for Different 
Values of n.  
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The total stress distribution in radial direction of the numerical models under different 
values of drain spacing ratio, n, namely 5, 10 and 20 and for the pressure increment of 25 
kPa to 50 kPa are compared in Figure 4.44. From Figure 4.44, we can observe the non-
uniform stress distribution under inward radial flow condition towards a central sand 
drain. In all cases, the sand drain and the clay close to the drain takes higher load 
compared to the clay that is away from the drain and the clay at the periphery takes the 
least load as expected. It can be observed from Figure 4.44, as the diameter of the sand 
column increased from 7.5 mm to 30 mm, the load taken by the sand column had 
increased and that taken by the clay had decreased as expected. 
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Fig. 4.44 Computed Stress Distribution in Radial Direction for Inward Radial Flow Test 
for different values of n. 
Based on the numerical analysis of the inward and outward radial flow consolidation 
test, the following conclusion are arrived at. The numerical model is able to predict 
reasonably well, the settlement of clay and the stress distribution in clay for both inward 
and outward radial flow consolidation test. But it is unable to capture the incomplete 
dissipation of pore water pressure away from the drainage boundary in both inward and 
outward radial flow consolidation test. Moreover, the values of ch, determined from 
numerical analysis are also showing slight increasing trend with decrease in drain 
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diameter, but not at the same rate as from the experiments. This is due to the above 
mentioned reason of complete dissipation of pore water pressure in numerical analysis. 
Since the numerical analysis is showing complete dissipation and is unable to capture the 
incomplete dissipation of pore water pressure away from the drainage boundary observed 
in experiments, the values of ch evaluated from numerical analysis under inward and 
outward flow condition are the same, for the given pressure range. 
4.8 SUMMARY 
The laboratory experiments carried out to study the stress distribution and pore water 
dissipation of the clay under inward radial drainage to the central sand drain and outward 
radial drainage to a porous plastic peripheral drain were presented in this chapter. The 
experiments were performed using a 150 mm diameter instrumented conventional 
consolidation cell. The numerical analysis of the experiments were also carried out to 
gain more insights into the radial consolidation problem. Based on the experimental 
results and numerical analysis presented in this chapter, the following conclusions are 
arrived at. 
The results from inward radial flow consolidation test shows that the there is non-
uniform stress distribution and the resulting non-uniform water content in radial direction. 
But the non-uniform stress distribution is not as high as in the case of outward radial flow 
consolidation test. Also the undissipated pore water pressure away from the drainage 
boundary is significantly less compared to the that from outward radial flow consolidation 
test. The influence of side wall friction is negligible and the ch values determined with 
radially outward drainage towards a porous peripheral drain are low compared to those 
determined by inward radial flow test. Hence, the radially inward flow consolidation test 
towards a central sand drain is recommended for laboratory determination of ch. 
The outward radial flow consolidation test results were heavily affected by side wall 
friction due to plastic peripheral drain. The same has been proved by evaluating the 
coefficient of interface friction, δ, between the porous plastic drain and the kaolin clay. 
As a result the pressure taken by the clay near the drainage boundary was very low. Also 
the undissipated pore water pressure away from the drainage boundary is significantly 
high compared to that from inward radial flow test. It was postulated in Section3.4.2, that 
the clay soil close to the drain consolidates first becoming stiffer rapidly and attracts more 
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load as the consolidation progresses leaving the soil away from the drain softer. This 
stiffening of the clay close to the drain retards the rate of consolidation further resulting in 
reduced value of ch. Therefore, if the circumference of the drainage boundary is higher, 
then lower will be the ch of soil. As a result, the ch values determined with radially 
outward drainage (where circumference is higher) towards a porous peripheral drain are 
low compared to those determined by inward radial flow test. Therefore outward radial 
flow consolidation test using porous plastic peripheral drain is not recommended for ch 
determination. 
Numerical modelling of the inward and outward radial flow consolidation test were 
performed using the finite element program ABAQUS. The Modified Cam-Clay Model 
was used to model the clay and the Mohr-Coulomb model was used to model the sand 
column. The numerical model is able to predict reasonably well, the settlement of clay 
and the stress distribution in clay for both inward and outward radial flow consolidation 
test. But it is unable to capture the incomplete dissipation of pore water pressure away 
from the drainage boundary in both inward and outward radial flow consolidation test 
analysis and is showing complete dissipation of pore water pressure away from the 
drainage boundary. Moreover, the values of ch, determined from numerical analysis are 
also showing slight increasing trend with decrease in drain diameter, but not at the same 
rate as from the experiments. This is due the above mentioned reason of complete 
dissipation of pore water pressure in numerical analysis. Since the numerical analysis is 
showing complete dissipation and is unable to capture the incomplete dissipation of pore 
water pressure away from the drainage boundary observed in experiments, the values of 
ch evaluated from numerical analysis under inward and outward flow condition are the 
same, for the given pressure range. This is contradictory to experimental results, wherein 
the ch, from inward flow test for n=10,are higher than that for outward flow test, for the 
given pressure range. Hence, this numerical model may be able to predict reasonably 
well, the settlement of clay and the stress distribution in clay under radial drainage, but 
not the pore water pressure dissipation. 
CHAPTER 5 
COMPARISON OF PROPERTIES OF SOIL AFTER 
SURCHARGE AND VACUUM PRELOADING 
5.1 INTRODUCTION 
As summarised in the introductory chapter and literature review, vacuum preloading 
technique along with vertical drains is preferred over surcharge preloading for 
improvement of soft clay soils. Though several laboratory studies on vacuum preloading 
technique have been carried out in the past, the data on the vacuum induced improvement 
in engineering properties of soft clay has not been addressed. The studies on the response 
of vacuum consolidated soft clays under cyclic loads in comparison with soils preloaded 
with surcharge area also scarce. The microstructure of vacuum consolidated soft clay in 
comparison to the surcharge consolidated soft clay is not clearly understood. Hence a 
detailed study is undertaken in the present investigation to address these issues.  This 
chapter presents the laboratory studies carried out to determine the engineering properties, 
the response under cyclic loading and microstructure of soft clay after vacuum 
consolidation. The test results are further compared with those of soft clay improved by 
surcharge preloading techniques. 
Details of the selection of soil for the present study and the determination of 1-D 
consolidation properties of the selected soil are presented. Sample preparation techniques 
for comparative study between surcharge and vacuum preloaded soil are discussed in 
detail. The samples for these tests were prepared from different initial consolidation 
pressures of 25 kPa, 50 kPa and 100 kPa under Ko condition to simulate the overburden 
pressure and to study the depth effect. These samples were further subjected to additional 
load of 80 kPa under surcharge or vacuum loading conditions and then tested for 
engineering properties, namely consolidation properties, permeability characteristics and 
undrained shear strength, response under cyclic loads and for microstructure studies.  
5.2 EXPERIMENTAL PROGRAM 
The experimental programme commenced with the selection of soil for the study and 
determination of its physical properties such as Atterberg limits, specific gravity and 
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grain size distribution. The soil selected for the present investigation was obtained from 
the lake bed of IIT Madras campus, Chennai, India. Sufficient quantity of the soil was 
collected and processed to remove the organic matter and other foreign materials. The soil 
fraction passing through 2 mm sieve was used for the study. The physical properties of 
the soil were determined as per the relevant Indian Standard specifications discussed in 
Section 3.2 and are listed in Table 3.3. The soil is classified as CI as per Indian Standard 
specification (IS: 1498-1970). The soil may be classified as CL as per unified soil 
classification system (ASTM D2487 - 11). 
5.2.1  One  Dimensional Consolidation Tests  
Conventional one-dimensional consolidation tests were performed to determine the 
consolidation properties of the soil by using a consolidation cell of 100 mm diameter and 
40 mm thickness. Reconstituted sample was used for the study. The test procedure is 
similar to the one explained in the Section 3.2.2. The time-settlement graph for different 
pressure ranges are shown in Figure 5.1.  












 12.5 kPa - 25 kPa
 25 kPa - 50 kPa
 50 kPa - 100 kPa















Fig. 5.1  One-Dimensional Time-Settlement Response of IIT Madras Lake Clay. 
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The time-settlement graph was plotted for each load increment and the coefficient of 
consolidation, cv was calculated using Taylor’s √t method (Taylor, 1948). The values of  
cv for different pressure ranges are given in Table 5.1. The e-log σ'v plot is shown in 
Figure 5.2. The compression and recompression index of kaolin clay are determined as 
0.143 and 0.013 respectively. 


































Fig. 5.2 e-log σ'v of IIT Madras Lake Clay. 
5.2.2 Sample Preparation for Comparative Study  
The tests were carried out to determine the permeability characteristics, the gain in 
undrained shear strength, consolidation properties and cyclic behaviour after vacuum 
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loading in comparison with surcharge loading. Further, to study the structure of clay, 
Scanning Electron Microscope (SEM) images were taken on soil samples prepared under 
vacuum and surcharge loading conditions. The samples for these tests were prepared from 
different initial consolidation pressures of 25 kPa, 50 kPa and 100 kPa under Ko condition 
to simulate the overburden pressure in the field. These samples were further subjected to 
additional load of 80 kPa under surcharge or vacuum loading conditions. Then flexible 
wall permeability tests, conventional consolidation test, unconsolidated undrained tests 
(UU) and cyclic triaxial tests were carried out so as to study the behaviour. 
Reconstituted normally consolidated samples were used to perform the laboratory 
tests. Reconstituted samples were prepared in cylindrical moulds of 150 mm diameter and 
180 mm in height from clay slurry having initial water content of 1.5 times the liquid 
limit water content. The inner surface of the mould was lubricated with silicon grease to 
reduce the side wall friction. The slurry was loaded in steps to different initial 
consolidation pressures (σ'vo) of 25 kPa, 50 kPa and 100 kPa. Sufficient time was allowed 
for the completion of primary consolidation under double drainage condition. The 
samples took about 14 days for achieving 90% degree of consolidation. Once the 
consolidation was over, the samples were further subjected to additional consolidation 
pressure of 80 kPa under surcharge or vacuum loads simulating the field loading 
conditions (with vertical drains) as detailed below. 
Once the samples have achieved the required degree of consolidation, a central sand 
drain of 10 mm diameter was formed in each sample so that it acts as vertical drain during 
further consolidation loading. The schematic diagram of the model with central sand 
drain is shown in Figure 5.3. To form the central sand drain, a central hole was formed 
using a thin walled tube (Figure 5.4(a)) of outer diameter equal to 10 mm and inner 
diameter equal to 8 mm. An Acrylic plate (Figure 5.4(a)) of 149.5 mm diameter and 10 
mm thickness, having a central hole of 10 mm diameter, was used as a guide to form the 
central hole. Two rubber sheets each of 150 mm in diameter and 0.5 mm in thickness with 
a central hole of 10 mm were placed one above and one below the sample such that the 
hole in the rubber sheets are concentric with the hole in the sample. The hole so formed 
was filled with clean sand passing through 600 μ and retained on 425 μ sieve in loose 
condition. Then a nonwoven geotextile layer was placed on the top of sample with the 
rubber sheet in-between. After installing the central sand drain, the soil column was 
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further consolidated at an additional pressure of 80 kPa. The required constant load was 


















Fig. 5.3 Schematic Diagram of the Model with Central Sand Drain. 
In the case of vacuum loading, the Ko consolidated samples were ejected from the 
mould using the sample ejector. The central hole was formed using a thin walled tube and 
an Acrylic guide plate (Figure 5.4(a)). Once the central hole was formed, the sample was 
transferred to the base of a large triaxial cell as described below. A 150 mm diameter 
saturated porous stone with the filter paper was placed above the pedestal of the large 
triaxial cell. A thin rubber sheet of 150 mm in diameter and 0.5 mm in thickness with a 
central hole of 10 mm was placed above the filter paper. The sample with the central hole 
was then placed above the rubber sheet. The hole so formed was filled with clean sand 
(Figure 5.4(b)) passing through 600 μm and retained on a 425 μm sieve in loose 
condition. Another rubber sheet without the central hole was placed on the top of the 
sample. A 150 mm top cap was placed above the rubber sheet. The rubber membrane was 
put in place around the sample with the O’rings in position. The completesetup with the 











Fig. 5.4 (a) Sampling Tube with Guide Rod (b) Sample with Central Sand Drain. 
 
 Fig. 5.5 Sample Preparation of Vacuum Preloaded Sample. 
The soil samples under different initial consolidation pressures (σ'vo) under Ko 
condition of 25 kPa, 50 kPa and 100 kPa were simulated in the triaxial cell with 
corresponding cell pressure (σ'3) and deviator stress (σ'd). The required deviator load was 
applied by using a pneumatic cylinder. The angle of internal friction ( ' ) of IIT Madras 
lake clay is obtained from triaxial test is 23
°
. Using Jaky's formula the co-efficient of 
earth pressure at rest, Ko is obtained as 0.6. The values of σ'3 and σ'd required for initial 
consolidation pressure of 25 kPa, 50 kPa and 100 kPa are tabulated in Table 5.2.  
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Table 5.2 σ'3 and σ'd Required for Initial Consolidation. 
 
Initial Consolidation Pressure, kPa 
25 50 100 
σ'3,  kPa 15 30 60 
σ'd,  kPa 10 20 40 
The triaxial cell was filled with water and the respective σ'3 and σ'd was applied and the 
sample was allowed to consolidate for a day. Once the consolidation was over, the 
vacuum pressure of 80 kPa was applied to the bottom of the sample. The vacuum 
application set up consists of vacuum pump, vacuum regulator, vacuum chamber and 
vacuum trap (Deepa, 2009). The vacuum regulator helps to regulate the pressure to the 
required amount. The vertical settlement of the sample was monitored by connecting a 
dial gauge on the loading piston. The sample took about 15 days for completion of 
consolidation. The flow chart of sample preparation and test schedule is shown in Figure 
5.6. 
Slurry consolidated in CBR Mould under Ko  condition  
to 25,50, 100 kPa to Simulate overburden pressure
Ko Sample subjected to Surcharge 
of 80 kPa With central sand drain
Ko Sample subjected to Vacuum 
of 80 kPa With central sand drain
UU Test under po’ of 77 
kPa, 95 kPa and 132 kPa for 
25 kPa, 50 kPa and 100 kPa 
samples respectively  
Oedometer Test
Flexible Wall Permeability 
Test
Cyclic Loading Test  under 
po’ of 77 kPa, 95 kPa and 
132 kPa for 25 kPa, 50 kPa 
and 100 kPa samples 
respectively
UU Test under po’ of 98 
kPa, 116 kPa and 153 kPa 
for 25 kPa, 50 kPa and 100 
kPa samples respectively  
Oedometer Test
Flexible Wall Permeability 
Test
Cyclic Loading Test  under 
po’ of 98 kPa, 116 kPa and 
153 kPa for 25 kPa, 50 kPa 
and 100 kPa samples 
respectively
 
Fig. 5.6 Flow Chart Showing Sample Preparation and Schedule of Tests. 
144 
 
The samples consolidated under K0 and vacuum loading conditions are trimmed to the 
required dimensions for determining the engineering behaviour and for microstructure 
studies. Figure 5.7 shows the locations for obtaining different specimens for different 
tests. The top half of the consolidated specimen was used for permeability and 
consolidation tests and the bottom half of the specimen was used for unconsolidated 
undrained tests (UU) and cyclic triaxial tests. The samples were cut using a thin wire 
cutter so as to avoid sampling disturbance. 
Consolidation Specimen  
(60 mm x 20 mm)
Vertical Permeability 
Specimen (50 mm x 50 mm)
Horizontal Permeability 
Specimen (50 mm x 50 mm)
UU Specimen  (38 
mm x 76 mm)
Vertical Cyclic 
Specimen  (38 mm 
x 76 mm)
Horizontal UU/ Cyclic 












Fig. 5.7 Schematic Diagram of Locations for Obtaining Different Specimens for  
Different Tests. 
5.3 Testing Procedure 
5.3.1 Conventional Consolidation Tests 
Conventional one-dimensional consolidation tests were performed using consolidation 
rings of 60 mm diameter and 20 mm height on the samples that were subjected to either 
vacuum or surcharge preloading. The sample, after subjecting to consolidation by 
surcharge or vacuum application was directly trimmed into the consolidation ring. 
Incremental load consolidation test was then performed on the soil sample as per IS: 
2720-Part 15 (1986). The testing procedure also meets the requirement of ASTM D2435 
(2011). An automatic data logger was used to record the time-settlement data under each 
load. A minimum duration of 24 hours was kept between load increments. 
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5.3.2 Flexible Wall Permeability Tests 
Constant head permeability tests were performed using a flexible wall permeameter as per 
the procedure given in ASTM D5084 (2010) to find both the vertical and horizontal 
permeability of the soil specimen. Compared to rigid wall permeameters, this test enables 
accurate measurement of permeability of soil specimen. Specimen of 50 mm diameter 
and 50 mm high, trimmed with their axis vertical, were used for determining the vertical 
permeability. The specimens for horizontal permeability tests were prepared by trimming 
in the horizontal direction. The anisotropy in permeability was then determined to 
understand the behaviour of soil under different loading conditions. 
Permeability tests were performed under a confining pressure of 50 kPa. This 
effective consolidation pressure of 50kPa is less than the pre-consolidation pressure of the 
soil specimen and hence there will not be any structural change in the specimen. A 
backpressure of 250 kPa was applied to saturate the samples. Constant head permeability 
test was carried out on the soil specimen with a differential pressure of 20kPa (with 
pressure at the bottom of the specimen being increased to 270kPa and the pressure at the 
top of the specimen maintained at 250kPa) between the top and bottom of the sample. 
The volume change was accurately measured using the GDS pressure-volume controller. 









5.3.3 Unconsolidated Undrained Triaxial Tests 
Unconsolidated undrained tests (UU) were performed on soil specimens of 38 mm 
diameter and 76 mm height, prepared under different loading conditions discussed before. 
The soil specimen was applied with a cell pressure equal to their mean effective stress 
that was applied during the preparation stage. Deformation rate was kept at 1.25 
mm/minute as per IS : 2720-Part 11 (1971) and ASTM D2850-03a (2007). 
5.3.4 Cyclic Triaxial Tests 
Stress controlled one way cyclic triaxial tests were performed  on all the soil specimens 
consolidated under different preloading conditions. The triaxial cell, setting up of sample, 
saturation and consolidation procedure are similar to the procedure followed in the case 
of Consolidated Undrained (CIU) static triaxial tests. The behaviour of soils subjected to 
cyclic loading due to ocean waves having a time period of 10 seconds is considered. The 
samples were subjected to 2000 load cycles at a frequency of 0.1 Hz. The cyclic load was 
applied using a pneumatic cylinder with a piston. This piston is actuated using a single 
acting spring return pneumatic solenoid valve. The power supply to the solenoid valve is 
connected through a specially designed timer which controls the frequency of loading. 
The pressure input to the solenoid valve is adjusted using a precision pneumatic regulator, 
so that the required deviatoric stress can be applied. A LVDT and a pore pressure 
transducer were used to collect the deformation and pore water pressure data respectively. 
The data was collected using data acquisition unit connected to a computer. More details 
about the apparatus is given in Pillai (2012). The photograph of the cyclic triaxial test 
setup is given in Figure 5.9. 
Cyclic triaxial tests were carried out on samples of 38 mm diameter and 76 mm height 
under undrained conditions. The samples were subjected to cyclic loading with the 
deviatoric stress varying from zero to a maximum value over a specific time period for a 
given cycle. The cyclic deviatoric stress (qcyc) is assumed to be a fraction of the undrained 
static strength (qu) of the samples. Thus, the cyclic stress ratio is defined as  














Fig. 5.9 Photograph of Cyclic Triaxial Test Setup. 
The undrained static strength, qu, of the sample is determined from the static CIU tests 
with effective consolidation pressures corresponding to the mean effective stresses of 
surcharge loading conditions, i.e. for 25 kPa sample, the undrained static strength (for 
both surcharge and vacuum preloading specimens) is determined from static CIU tests 
with effective consolidation pressures being 77 kPa. Similarly for 50 kPa and 100 kPa 
samples the effective consolidation pressures are 95.33 kPa and 132 kPa, respectively. 
The undrained static strength (qu) for 25 kPa, 50 kPa and 100 kPa specimens are obtained 
as 45 kPa, 58 kPa and 80 kPa, respectively. In cyclic testing, the effective consolidation 
pressures for 25 kPa, 50 kPa and 100 kPa surcharge and vacuum preloaded samples are 
given in Table 5.3. One way cyclic loading tests were carried out with CSR of 0.70, so 
that the influence of cyclic loading can be evaluated without failing the specimen (Pillai, 
2012). Hence, qcyc for 25 kPa, 50 kPa and 100 kPa specimens are given in Table 5.3.  
Table 5.3 σ'3 and qcyc Required For Cyclic Tests. 
  Surcharge Preload Specimen Vacuum Preload Specimen 
Initial Consolidation 
Pressure, kPa  
25 50 100 25 50 100 
σ'3,  kPa 77 95.33 132 98.33 116.67 153.3 
qu,  kPa 45 58 80 45 58 80 




5.3.5 Microstructure Study 
The microstructure of the sample was studied by SEM images. The photographs of the 
clay particles and their arrangement were taken using a FEI-QUANTA 200 scanning 
electron microscope. SEM images were analyzed for  the micro fabric of clay specimens 
consolidated  under different conditions (Surcharge or Vacuum). For a given loading 
conditions, the clay samples were cut from the large sample in both vertical and 
horizontal direction and were air dried overnight. The soil samples were then broken 
suitably so as to observe the microstructure in planes parallel and perpendicular to the 
vertical axis of loading. The broken SEM samples were approximately 0.5 mm in length, 
width and height. Then these small samples were subjected to vacuum in a desiccator to 
remove any moisture. The samples were subjected to gold coating before proceeding for 
microstructure observation.  The magnification of the SEM images were at 1000 or 
2000. 
5.4 Results and Discussions 
5.4.1 Consolidation Behaviour 
The time-settlement behavior of 25 kPa, 50 kPa and 100 kPa soil samples consolidated 
under 80 kPa of surcharge or vacuum pressure are shown in Figures 5.10(a) and 5.10(b), 
5.10(c) and 5.10(d) and 5.10(e) and 5.10(f), respectively. The corresponding void ratio 
versus effective consolidation pressure responses of soils samples are shown in Figures 
5.11(a), 5.11(b) and 5.11(c), respectively. From Figures 5.11(a), 5.11(b) and 5.11(c), it 
can be observed that the vacuum preloaded soil has lesser initial void ratio and hence 
lesser water content compared to the surcharge preloaded samples. The consolidation 
properties namely compression index (Cc), recompression index (Cr), coefficient of 
consolidation (cv) and secondary compression index (cα) under different loading 
conditions are listed in Table 5.4. It can be observed from Table. 5.4, that the preloading 
of soft clay using vacuum pressure did not produce any appreciable changes in the 
consolidation properties, when compared with corresponding surcharge pressure. This is 
due to the fact that vacuum produces isotropic consolidation of soil. The pre-
consolidation pressure (σ'p) of the surcharge and vacuum preloaded samples are also 
given in Table 5.4. The vacuum preloaded samples shows slightly higher 
preconsolidation pressure compared to the corresponding surcharge preloaded samples. 
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(a) 25 kPa Ko + 80 kPa Surcharge. 
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(b) 25 kPa Ko + 80 kPa Vacuum. 
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(c) 50 kPa Ko + 80 kPa Surcharge. 
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(d) 50 kPa Ko + 80 kPa Vacuum. 
151 
 









 50 kPa - 100 kPa
 100 kPa - 200 kPa
 200 kPa - 400 kPa















(e) 100 kPa Ko + 80 kPa Surcharge. 
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(f) 100 kPa Ko + 80 kPa Vacuum. 
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(c) 100 kPa Ko and 80 kPa Consolidation Pressure. 
Fig. 5.11 Void ratio vs. Effective Stress Behavior of Different Soil Specimen. 
It can be also observed from Table 5.4 that the preconsolidation pressure of vacuum 
preloaded samples are slightly higher than the corresponding surcharge preloaded 
samples. The secondary compression index (cα) values of vacuum preloaded samples are 
slightly higher than the corresponding surcharge preloaded samples. 
Table 5.4 Consolidation Properties of Surcharge and Vacuum Preloaded Samples. 
σ'3 25 kPa 50 kPa 100 kPa 
Preload 80 kPa 80 kPa 80 kPa 
Preload Type Surcharge  Vacuum Surcharge Vacuum Surcharge  Vacuum 
cc 0.297 0.304 0.327 0.329 0.295 0.29 











































100 - - - - - - 
200 0.0090 0.0114 - - - - 
400 0.0090 0.0089 0.0089 0.0107 0.0086 0.0076 
800 0.0066 0.0079 0.0084 0.0097 0.0071 0.0073 
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5.4.2 Permeability Characteristics 
The variation of discharge with time for the 25 kPa, 50 kPa and 100 kPa sample subjected 
to 80 kPa of surcharge or vacuum pressure are shown in Figures 5.12 (a) and (b), 5.12 (c) 
and (d) and 5.12 (e) and (f),  respectively. The variation is linear and the slope (ΔQ/Δt) is 
used to determine the coefficient of permeability. Both vertical and horizontal 
permeability were measured and checked for anisotropy in permeability. The 
permeabilities of soil under different loading conditions in vertical and horizontal 
directions are listed in Table 5.5. From the table we can observe that the surcharge 
preloaded samples has higher anisotropy in permeability than the corresponding vacuum 
preloaded samples. Also, from the table we can observe that in the case of surcharge 
preloaded samples, the anisotropy increases at a higher rate with increase in pre-
consolidation pressure, but the vacuum preloaded samples showed lesser rate of increase 
in anisotropy with increase in pre-consolidation pressure. This can be related to the 
microstructure of clay improved by surcharge or vacuum load. The microstructure of clay 
improved by surcharge or vacuum load is discussed in Section 5.4.5. It is known that the 
clay with flocculated microstructure has lower anisotropy in permeability compared with 
the clay having dispersed microstructure. At lower pre-consolidation pressure, the 
vacuum preloaded clay tend to have more of flocculated nature of clay particles and 
hence the anisotropy in permeability is close to one. But as the pre-consolidation pressure 
increases, the anisotropy in permeability of vacuum preloaded soil increases, but at a 
slower rate than the corresponding surcharge preloaded soil. The permeability results 
reflects the above fact that the vacuum preloading induces more of flocculated structure to 
the clay particles and the surcharge preloading induces more of dispersed structure to the 
clay particles. 
Table 5.5 Permeability of Surcharge and Vacuum Preloaded Samples. 
σvo 25 kPa 50 kPa 100 kPa 
Preload 80 kPa 80 kPa 80 kPa 
 










 m/s 1.463 1.363 1.409 1.37 1.34 0.883 
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Fig. 5.12(a) Permeability Test Results of 25 kPa Ko and 80 kPa Surcharge Consolidation 
Specimen. 
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Fig. 5.12(c) Permeability Test Results of 50 kPa Ko and 80 kPa Surcharge Consolidation 
Specimen. 
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Fig. 5.12(e) Permeability Test Results of 100 kPa Ko and 80 kPa Surcharge Consolidation 
Specimen. 
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5.4.3 Undrained Shear Strength 
The results of UU test for 25 kPa, 50 kPa and 100 kPa samples subjected to 80 kPa of 
surcharge or vacuum pressure are shown Figures 5.13 (a) and (b), 5.13 (c) and (d) and 
5.13 (e) and (f), respectively. Both, the vertical and horizontal undrained shear strength of 
soils under different preloading conditions were determined. Vacuum preloaded samples 
showed slightly higher undrained shear strength in vertical direction compared to the 
corresponding surcharge preloaded soil. The 25 kPa, 50 kPa and 100 kPa vacuum 
preloaded sample showed 11%, 13% and 10% higher undrained shear strength, 
respectively in vertical direction compared to the corresponding surcharge preloaded 
sample. Vacuum preloaded soil showed significantly higher undrained shear strength in 
horizontal direction compared to corresponding surcharge preloaded soil. The 25 kPa, 50 
kPa and 100 kPa vacuum preloaded sample showed 26%, 32% and 39.5% higher 
undrained shear strength, respectively, in horizontal direction, compared to the 
corresponding surcharge preloaded sample. The higher strength in vacuum preloaded 
sample is attributed to combination of lower water content and flocculated microstructure 
(Section 5.4.5). The variation of undrained shear strength, cu, with water content for 
vacuum and surcharge loaded samples are shown in Figure. 5.14. 
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Fig. 5.13(b) UU Test Results of 25 kPa Ko and 80 kPa Consolidation Pressure (Horizontal 
Specimen). 
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Fig. 5.13(d) UU Test Results of 50 kPa Ko and 80 kPa Consolidation Pressure (Horizontal 
Specimen). 
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Fig. 5.13(f) UU Test Results of 100 kPa Ko and 80 kPa Consolidation Pressure 
(Horizontal Specimen). 
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Fig. 5.14 Variation of Undrained Shear Strength With Water Content. 
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5.4.4 Response under Cyclic Loading 
The response of soil under cyclic loading in terms of axial deformation and pore 
pressures with the number of cycles are considered important parameters and hence the 
cyclic behaviour is discussed based on the accumulation of axial deformation and pore 
pressure with number of cycles when the samples were subjected to undrained cyclic 
loading. The axial deformation for 25 kPa, 50 kPa and 100 kPa sample subjected to 80 
kPa of surcharge or vacuum pressure are shown in Figures 5.15 (a) and (b), 5.15 (c) and 
(d) and 5.15 (e) and (f), respectively. The axial strain was less than 0.5% in all the cases. 
The axial deformation for horizontal samples improved by vacuum preloading were less 
than that of corresponding surcharge preloaded samples. The pore water pressure 
response for 25 kPa, 50 kPa and 100 kPa sample subjected to 80 kPa of surcharge or 
vacuum preload are shown in Figures 5.16 (a) and (b), 5.16 (c) and (d) and 5.16 (e) and 
(f), respectively. Vacuum preloaded soil showed lesser pore water pressure built up in 
both vertical and horizontal samples compared to the corresponding surcharge preloaded 
soil. The 25 kPa, 50 kPa and 100 kPa surcharge preloaded vertical sample showed 7%, 
21% and 45% higher pore water pressure built up respectively, compared to the 
corresponding vacuum preloaded vertical sample. The 25 kPa, 50 kPa and 100 kPa 
surcharge preloaded horizontal sample showed 100%, 27% and 36.4% higher pore water 
pressure built up respectively, compared to the corresponding vacuum preloaded 
horizontal sample. The  higher pore water pressure built up for surcharge preloaded 
sample compared to the corresponding vacuum preloaded sample can be related to the 
microstructure of clay induced surcharge or vacuum preload. The microstructure of clay 
improved by surcharge or vacuum load is discussed in Section 5.4.5. The vacuum 
preloading induces more of flocculated structure to the clay particles and the surcharge 
preloading induces more of dispersed structure to the clay particles. Pillai et al. (2011), 
reported that the clay with dispersed structure develops higher pore water pressure built 
up under cyclic load compared to the clay with flocculated structure. The same can be 
observed from the above results. This in turn represent better resistance of vacuum 
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Fig. 5.15(a) Variation of Deformation with Number of Cycles for 25 kPa Ko and 80 kPa 
Consolidation Pressure (Vertical Specimen). 
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Fig. 5.15(b) Variation of Deformation with Number of Cycles for 25 kPa Ko and 80 kPa 
Consolidation Pressure (Horizontal Specimen). 
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Fig. 5.15(c) Variation of Deformation with Number of Cycles for 50 kPa Ko and 80 kPa 
Consolidation Pressure (Vertical Specimen). 
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Fig. 5.15(d) Variation of Deformation with Number of Cycles for 50 kPa Ko and 80 kPa 
Consolidation Pressure (Horizontal Specimen). 
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Fig. 5.15(e) Variation of Deformation with Number of Cycles for 100 kPa Ko and 80 kPa 
Consolidation Pressure (Vertical Specimen). 
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Fig. 5.15(f) Variation of Deformation with Number of Cycles for 100 kPa Ko and 80 kPa 
Consolidation Pressure (Horizontal Specimen). 
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Fig. 5.16(a) Variation of Pore Water Pressure with Number of Cycles for 25 kPa Ko and 
80 kPa Consolidation Pressure (Vertical Specimen). 
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Fig. 5.16(b) Variation of Pore Water Pressure with Number of Cycles for 25 kPa Ko and 
80 kPa Consolidation Pressure (Horizontal Specimen). 
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Fig. 5.16(c) Variation of Pore Water Pressure with Number of Cycles for 50 kPa Ko and 
80 kPa Consolidation Pressure (Vertical Specimen). 
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Fig. 5.16(d) Variation of Pore Water Pressure with Number of Cycles for 50 kPa Ko and 
80 kPa Consolidation Pressure (Horizontal Specimen). 
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Fig. 5.16(e) Variation of Pore Water Pressure with Number of Cycles for 100 kPa Ko and 
80 kPa Consolidation Pressure (Vertical Specimen). 
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Fig. 5.16(f) Variation of Pore Water Pressure with Number of Cycles for 100 kPa Ko and 
80 kPa Consolidation Pressure (Horizontal Specimen). 
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5.4.5 Microstructure Evaluation 
Figure 5.17(a) shows the microstructure of a soil specimen on a plane perpendicular to 
vertical axis of 25 kPa surcharge preloaded sample and Figure 5.17(b) shows the 
microstructure of a soil specimen on a plane parallel to vertical axis of 25 kPa surcharge 
preloaded sample. Since the surcharge loading produces dispersed nature of soil particles 
with the soil particles tending to orient themselves parallel to the plane of loading 
(horizontal plane) we can observe the face to face arrangement of the clay particles in 
Figure 5.17(a). The parallel arrangement of clay particles can be observed from Figure 
5.17(b). Figure 5.17(c), shows the microstructure of a soil specimen on a plane 
perpendicular to vertical axis of 25 kPa vacuum preloaded sample and Figure 5.17(d) 
shows the microstructure of a specimen soil on a plane parallel to vertical axis of 25 kPa 
vacuum preloaded sample. The random arrangement or flocculated nature of soil particles 
with more of edge to face arrangement can be observed in Figures 5.17(c) and 5.17(d).  
Hence the vacuum preloaded soil shows more of flocculated structure and surcharge 
preloaded soil shows more of dispersed structure, which has important bearing on the 
behaviour of soil under construction loads (Sachan and Penumadu, 2007). Also, vacuum 
preloaded soil showed more of flocculated structure if the initial preconsolidation stress is 
less (25 kPa sample) compared to surcharge preloaded soil, which is more of dispersed 
nature. As the initial preconsolidation pressures increases (for 50 kPa and 100 kPa 
sample), the vacuum and surcharge preloaded samples showed more of dispersed nature 
of soil particles because of higher preconsolidation stress. This can be observed in Figures 













Fig. 5.17 Microstructure in a plane perpendicular to the vertical axis of (a) 25 kPa, (e) 50 
kPa and (i) 100 kPa surcharge preloaded samples and (c) 25 kPa, (g) 50 kPa and (k) 100 
kPa Vacuum preloaded samples and Microstructure in a plane parallel to the vertical axis 
of (b) 25 kPa, (f) 50 kPa and (j) 100 kPa surcharge preloaded samples and (d) 25 kPa, (h) 





The engineering properties of soft clay namely consolidation properties, permeability 
characteristics and undrained shear strength after vacuum consolidation was presented in 
this chapter. Also, the response of vacuum preloaded soft clay under cyclic loading and 
microstructure of soft clay after vacuum consolidation were also brought out through this 
chapter. The preloading of soft clay using vacuum consolidation technique did not 
produce any appreciable changes in the consolidation properties like compression index 
(Cc), recompression index (Cr), coefficient of consolidation (cv) and secondary 
compression index (cα). However the vacuum preloaded samples showed slightly higher 
preconsolidation pressure compared to the corresponding surcharge preloaded samples. 
The surcharge preloaded sample showed higher anisotropy in permeability of 1.19 to 1.96 
compared to the corresponding vacuum preloaded sample, which has anisotropy of 0.99 
to 1.15. This implies that vacuum consolidation preserves the flocculated nature of soil, 
which has important bearing on engineering behaviour of soil. The vacuum preloaded 
sample showed 10% to 13% higher undrained shear strength in the vertical direction 
compared to the corresponding surcharge preloaded sample. The vacuum preloaded 
sample showed 26% to 40% higher undrained shear strength in the horizontal direction, 
compared to the corresponding surcharge preloaded sample. The surcharge preloaded 
sample in the vertical direction showed 7% to 45% higher pore water pressure built up 
compared to the corresponding vacuum preloaded vertical sample under cyclic loading. 
The surcharge preloaded sample in the horizontal direction showed 27% to 100%, higher 
pore water pressure built up compared to the corresponding vacuum preloaded sample. 
This in turn represent better resistance of vacuum preloaded samples under 
cyclic/dynamic loads compared to the surcharge preloaded samples. Scanning Electron 
Microscope images showed that for lesser preconsolidation stress, vacuum preloaded soil 
showed more of flocculated structure and surcharge preloaded soil showed more of 
dispersed structure. Based on the above findings, it can be concluded that the vacuum 





VACUUM CONSOLIDATION OF SOFT GROUND WITH 
INTERMEDIATE SAND SEAMS - CENTRIFUGE AND 
NUMERICAL STUDIES 
6.1 INTRODUCTION 
In the previous chapter, engineering behaviour of soft clay after vacuum consolidation 
was presented to bring out the relative advantages of vacuum preloading over surcharge 
preloading technique. Vacuum preloading is ideal, if the applied vacuum pressure is 
maintained within the soil in a closed system. However, sand seams are often encountered 
in the field. If the sand seams are present at shallow depth, suitable cut-off techniques are 
provided. However, if the sand seam exists at deeper depths, the PVDs are terminated at a 
distance above the seam so that the vacuum is not lost. 
In this chapter, the influence of the presence of sand seam in a soil deposit on the 
vacuum preloading is presented. In vacuum preloading technique, the vacuum pressure is 
generally applied from the top of ground and below an impermeable geomembrane sheet, 
as described in Section 1.2.3. Further, the final vacuum pressure distribution along the 
clay deposit depends on the properties of clay and drainage boundary condition of the 
deposit. If a clay deposit of thickness, H, is uniform and if the bottom boundary is 
undrained (no sand seam), the final vacuum pressure (Pv) is expected to be uniform 
(Figure 6.1). Conversely, if drainage can occur through the bottom boundary (due to the 
presence of sand seams), vacuum pressure cannot be effectively maintained at this 
boundary and at steady state, the vacuum pressure distribution will be linear (Figure 6.2) 
with the maximum value at the ground surface and zero at the bottom (Chai et al., 
2005b). Therefore, the vacuum consolidation involving sand seam at the bottom of 
vertical drains will result in less settlement than without sand seam. 
In order to reduce the drainage path, the preloading of soft clay deposits is usually 
done in conjunction with prefabricated vertical drains. In case of  two-way drainage 
deposit i.e. if there is sand seam or any other highly permeable layer at the bottom 
boundary, PVDs are partially penetrated into the clayey deposit, to avoid vacuum 
pressure loss at the bottom drainage boundary through PVDs. In engineering practice, for 
174 
 
soil deposit with bottom drainage boundary, the PVD penetration depth (Hd) or the 
optimum depth of penetration of PVDs is not clearly understood. Centrifuge modelling 
technique was therefore employed to investigate the behaviour of soil deposit with sand 


































 Fig. 6.2 Vacuum Preloading of Clay Soil Underlain by a Sand Seam. 
Further, numerical simulation of the centrifuge model tests was done using three 
dimensional (3D) finite-element (FE) model. The effect of coefficient of permeability and 
drain spacing on the optimum penetration depth (OPD) of PVDs in clay soil under 
vacuum preloading and with sand seam were studied. The suitability of the axi-symmetric 
finite element model to simulate the settlement and pore water pressure dissipation of soil 
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deposit with sand seam beneath the PVDs was also investigated. The results were also 
compared with the conventional Barron's theory. 
The basic principles, scaling laws and advantages of centrifuge modelling are also 
briefly presented. A brief description of the geotechnical centrifuge used and a summary 
of centrifuge tests is described. Then, the details of the experimental setup, sample 
preparation, test procedure and the instrumentations used are described in detail. Finally, 
the numerical simulation of the vacuum preloading problem with sand seam beneath the 
PVDs is presented. 
6.2 CENTRIFUGE MODELLING IN GEOTECHNICAL ENGINEERING 
6.2.1 Principle of Centrifuge Modelling 
Basic principle of centrifuge modelling is the re-creation of the prototype stress condition 
in the laboratory in a model of a much reduced scale. To achieve this condition, the model 
is subjected to an inertial acceleration field of N times (where N is the Scaling factor) the 
gravitational acceleration of Earth (9.81 m/s
2
). Then the stress condition at any depth in 
the laboratory model soil would be the same as that at the corresponding depth in the 
prototype, i.e. the vertical stress at depth H/N in model will be identical to that in the 
corresponding prototype at depth H (illustrated in Figure 6.3). For example, a clay layer 
with a thickness of 10 m in a prototype can be modelled in a centrifuge model of 200 mm 
thick in a centrifuge model test at 50g. 
6.2.2 Scaling Laws for Centrifuge Modelling 
The purpose of the physical modelling is to replicate an event in the laboratory 
comparable to what might exist in the prototype. The model is often a reduced scale 
version of the prototype and this is particularly true for centrifuge modelling. The two 
events should obviously be similar and that similarity needs to be related by appropriate 
scaling laws (Taylor, 1995).  
The scaling relationship between a small-scale centrifuge model and its prototype can 
be derived by making use of dimensional analysis or from consideration of the governing 
differential equations (Taylor, 1995). A list of commonly used scaling relations used is 
summarized in Table 6.1. From the table it can be seen that the linear dimensions are 
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scaled by a factor 1/N and the stress is scaled by a factor of unity. For the present study 
involving consolidation, the scaling relationship of consolidation time between prototype 
and model is 1/N
2
. Thus a consolidation event lasting 400 days in the prototype can be 
reproduced in one-hour centrifuge consolidation episode at 100 g. This apparent speeding 


















Fig. 6.3 Modelling under Artificial Gravity Field (Kimura and Kusakabe, 1987). 
6.2.3 Advantages of Centrifuge Modelling 
In case of consolidation problems, the time required to perform a test is greatly shortened. 
The scaling laws for centrifuge modelling dictate that for a centrifuge model running at 
Ng, the time for consolidation is reduced by N
2
 times compared with the prototype. 
Another advantage of centrifuge modelling in case of consolidation problem is that the 
soil properties and boundary conditions can be easily monitored and controlled. In the 
field, due to economy, site investigation can be carried out only at selected locations. 
Therefore, chances are that some natural formations like pockets of sand lenses trapped in 
clay in the field will be left undetected during soil exploration. This may affect the overall 
outcome of a field study. But in a centrifuge model test, soil profile can be easily 
controlled by proper model preparation procedures. 
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Table 6.1 Scaling Relation used in Centrifuge Modelling (Leung et al., 1991). 
Parameter Prototype Centrifuge model at Ng 











Acceleration 1 1/N 
Velocity 1 1 
Displacement 1 1/N 








Time (Viscous flow) 1 1 
Time (Dynamics) 1 1/N 
Time (Seepage/Consolidation) 1 1/N
2
 
Energy density 1 1 
Flexural rigidity 1 1/N
4
 
Axial rigidity 1 1/N
2
 
Bending moment 1 1/N
3
 
6.2.4 NUS Geotechnical Centrifuge 
A schematic diagram of the geotechnical centrifuge at National University of Singapore 
(NUS) is shown in Figure 6.4. An overview of NUS geotechnical centrifuge is presented 
below and the detailed description of the NUS Geotechnical Centrifuge can be found in 
Lee et al. (1991). 
The structure of the NUS geotechnical centrifuge is based on the conventional dual 
swing platform design. The centrifuge has a radius of 2021 mm on payload side and 1871 
mm on the counter weight side. This difference in length between the two arms of the 
centrifuge is due to the fact that the swing platform for the model container is slightly 
deeper than that of the counterweight. The centrifuge has a capacity of 40,000 g-kg and 
operates up to a maximum g-level of 200 g. The working area of the swinging platform 
measures 750 mm x 700 mm and the maximum allowable height of the package is 1337 
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mm. The centrifuge is driven by a hydraulic motor which is capable of delivering up to 
about 37 kW of power. In the present configuration, 40 differential channels are available 
for data transmission. Three data acquisition systems are available for data capturing; a 
general purpose system, a medium speed system, and a high speed system. The maximum 





 Fig. 6.4 Schematic Diagram of the NUS Geotechnical Centrifuge (Lee et al., 1991). 
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A stack of 100 silver-graphite electrical slip rings (Figure 6.5) are mounted on top of 
the rotor shaft for signals and power transmission between the centrifuge and the control 
room. Of these rings, 90 are used to form 45 differential transducer signal channels and 
the remaining 10 rings are used for power transmission. In the control room, signals are 
first channeled to a group of NEC amplifiers, with built-in low pass filters, which are 
normally set at 100 Hz frequency to reduce the signal noise picked up through the slip 
rings. From the transducers in the model package, analogue signals are sent to the control 
room through slip rings. DC voltages supplies are transmitted to the transducers from the 
control room. Signals are amplified if required and then sent to data acquisition system. 
With the help of the Dasylab software, signals are smoothened and a real time display of 
all signals can be viewed on the screen. All data from the transducers are stored in the 
hard disk of the computer at frequent intervals. All test process can be observed from the 
control room using a mounted camera on the centrifuge. A photograph of the centrifuge is 
shown in Figure 6.5 and control room in Figure 6.6. 
6.2.5 Centrifuge Modelling Test Schedule 
Two centrifuge model tests were carried out as given in Table 6.2. The two tests were 
carried out at 50 g acceleration and the initial thickness of the clay in model scale is 230 
mm and 11.5 m in prototype scale in all the tests. In Test 9 m-UD, the depth of the drain 
is 9 m (Figure 6.7(a)) and the bottom boundary is undrained (without sand seam) during 
vacuum application and this test acts as a reference for the other test. For Test 7 m-D, the 
depth of the drains is 7 m (Figure 6.7(b)) and the bottom boundary is hydrostatic and is 
drained (with sand seam) during vacuum application. 
Table 6.2 Schedule of Centrifuge Model Tests (prototype scale). 
Test ID. g-level 
Thickness of clay 
layer (prototype), m 
Penetration depth 




9 m-UD 50 g 11.5 9 Without Seam 













Fig. 6.5 Overall View of the NUS Geotechnical Centrifuge. 
 
 

















40 kPa Surcharge + 80 kPa Vacuum 
Drainage Blanket
 

















(b) Centrifuge Test 2 - 7 m-D. 
Fig. 6.7 Schematic of Centrifuge Model Tests. 
6.3 CENTRIFUGE MODEL PACKAGE 
All the centrifuge tests reported in this chapter were performed using Geotechnical 
centrifuge at NUS. The centrifuge model package includes the soil container or strong 
box, vacuum chamber, vacuum pump, water tank and vacuum pump holder which are 
described in the following sections. The schematic diagram of the complete model 
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package is shown in Figures 6.8(a) and 6.8(b). The photograph of the complete model 














































































Fig. 6.9 Photograph of the Complete Model Package. 
6.3.1 Soil Container or Strong Box 
The photograph of the soil container is shown in Figures 6.10(a) and 6.10(b). The soil 
container or strong box to hold the soil model is rectangular in shape and has an internal 
dimensions of 570 mm length, 203 mm width and 330 mm height. The strong box is 
made of stainless steel except the front wall and is designed to withstand high centrifugal 
force in the centrifuge. The side and the front walls and the base of the container are 
welded together to form a single unit in U-shape. The front wall is a 70 mm thick 
transparent perspex plate fastened on to the side walls of the strong box unit using bolt 
and nut arrangement, with a rubber gasket in between to ensure water tightness. The 
perspex plate serves two purposes namely for viewing/monitoring the soil model and for 
installation of pore pressure transducers (PPTs) in the soil by detaching it. All the walls 
are polished and are smooth enough to reduce the friction between soil and walls. In 
addition, the walls are smeared with grease to reduce the side wall friction. The strong 
box has two drains at the bottom of the container to drain out water from the soil during 
consolidation. The container also has a drainage line on the back wall, at a depth of 105 
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mm from the top of container. This drainage line is used for applying vacuum to the soil 

















Fig. 6.10 Photograph of the Soil Container (a) Elevation and (b) Plan. 
6.3.2 Vacuum Chamber 
The photograph of the vacuum chamber is shown in Figure 6.11. The vacuum chamber 
serves the purpose of applying the vacuum pressure to the soil from the vacuum pump 
and simultaneously collecting the drained water from the soil. The rectangular chamber is 
made of 5 mm thick stainless steel plate and has an internal dimensions of 600 mm 
length, 150 mm width and 450 mm height. The volume and the size of the chamber were 
designed taking into account the volume of water that will be drained from the soil and 
the water tank. The chamber was designed to withstand high-g force by providing suitable 







Fig. 6.11 Photograph of the Vacuum Chamber. 
185 
 
The chamber has four connections, three at the top and one on the side as shown in Figure 
6.11. The three connections at the top were used for applying vacuum pressure to the 
chamber, for measuring vacuum pressure in the chamber using a vacuum gauge and 
another as a standby connection. The connection at the side is used for applying the 
vacuum pressure to the soil. Special care was taken in welding the edges to keep the 
chamber airtight. To check for any leakage, the chamber with 100 kPa air pressure inside 
it was kept submerged under water for a day. The pressure gauge connected to the 
chamber was periodically noted for any drop in pressure and hence leakage. The gauge 
reading remained constant confirming the air-tightness of the chamber. 
6.3.3 Vacuum Pump and Vacuum Pump Holder 
The photograph of vacuum pump and the vacuum pump holder is shown in Figure 6.12. 
A miniature vacuum pump was used to apply vacuum pressure to the soil through the 
vacuum chamber. In the selection of the vacuum pump few important factors like 
discharge capacity of the pump, size and mass of the pump and dry or wet type pump 
were considered. Considering the above factors, a special type of dry running rotary 
vacuum pump (SECO SV 1003 D), manufactured by BUSH Vacuum Pumps and 
Systems, Germany was procured. The pump has a suction capacity of 0.83 l/s which was 
sufficient enough considering the discharge from the soil. The weight of the vacuum 
pump is 5 kg and is favourable considering the high-g force on the pump, when mounted 
on the centrifuge (close to the central axis of centrifuge). To mount vacuum pump on to 
the centrifuge, a pump holder was fabricated. It was made of mild steel and was provided 
with suitable stiffeners to withstand high-g force. The vacuum pump holder with the 
vacuum pump was placed as close as possible to the centre of the centrifuge in order to 
reduce the high g-force on the vacuum pump. The maximum gauge pressure of the pump 
is 90 kPa. A vacuum regulator (shown in Figure 6.12) was used to regulate the amount of 
vacuum to be applied to the soil. 
6.3.4 Water Tank 
The photograph of the water tank is shown in Figure 6.13. The water tank was used as a 
recharge tank for the sand seam at the bottom of the clay. The tank is made of 5 mm thick 
mild steel and is supported on a mild steel plate frame. It is designed and provided with 
suitable stiffeners to withstand the high-g force. The tank is rectangular in shape and has 
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an internal  dimension of 600 mm in length, 150 mm in width and 190 mm in depth. The 
capacity of the tank is 17.1 liters and is designed considering the capacity of the vacuum 
chamber. It has an outlet on the side and it can be connected to the bottom drainage line 















Fig. 6.13 Photograph of the Water Tank. 
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6.3.5 Vertical Drains  
Vertical drains, namely sand drains or Prefabricated Vertical Drains (PVD’s), are used 
along with the vacuum preloading technique to reduce the drainage path. In the present 
centrifuge study, PVDs are used as vertical drains. In practice, the common width and 
thickness of PVDs are 100 mm and 4 mm, respectively. In modeling of vertical drains in 
the centrifuge, drain ratio 'n' should be scaled to simulate the prototype. Typically in 
prototype, the spacing between the drain is 1 to 2 m depending on the horizontal 
coefficient of consolidation, ch. The equivalent drain diameter for the drain spacing of 1 
m as recommended by Hansbo (1979) is 66 mm. The equivalent diameter of the influence 
zone for the drain spacing of 1 m is 1.13 m (Rixner et al., 1986). Therefore, the drain 
ratio n for PVDs having width and thickness of 100 mm and 4 mm respectively and drain 
spacing of 1 m prototype is about 17. However, in centrifuge modelling done at 50g 
acceleration, it is difficult to install the vertical drains at a small drain spacing of 20 mm 
(1 m in prototype) without disturbing the sample. The model drains were modeled as 
small as possible and the spacing was selected as 60 mm to overcome this practical 
difficulty. The width of the model drain is 6 mm (300 mm in the prototype) and the 
thickness is 3 mm (150 mm in the prototype) and the model drains are wound by 
Geotextile filters. The model vertical drains were prepared by cutting the prototype PVDs 
of 100 mm width and 3 mm thickness. The equivalent diameter of PVDs and the 
equivalent diameter of influence zone (for 3 m spacing) are 5.7 mm and 67.7 mm 
respectively. The model drain spacing ratio n for this configuration is about 12, which is 
quite close to a drain spacing ratio of 17. Huat et al. (1991) reported a centrifuge model 
study on a sand column trial embankment and established that precise simulation of the 
field situation is not practical for a number of reasons. Only the essential features of the 
prototype can be retained. The comparative photograph of the model and the prototype 




Fig. 6.14 Comparative Photograph of the Model and the Prototype Cross-Section of PVD.  
6.3.6 Membrane Holder and Membrane  
During preliminary studies, a membrane holder was designed to separate the top of clay 
from the surrounding atmosphere. The membrane holder with the membrane fitted in the 
strong box is shown in Figure 6.15 (a). However, this system failed to isolate the clay 
from the surrounding atmosphere due to leakage of vacuum through the membrane as the 
membrane could not withstand high vacuum pressure and got punctured very easily. 
Hence a new system (Figure 6.15 (b)) was put in place to separate the top of clay from the 
surrounding atmosphere. A total of five layers of rubber membrane with bentonite clay 
along the periphery and bentonite slurry on the top of fifth membrane was used. This 
system was very effective in preventing the leakage of vacuum. 
(a) (b)
             





Linear motion potentiometers (Model. 13FLP100A with Conductive Plastic) from Sakae 
were used to monitor the ground surface settlement. This model has a maximum travel of 
100 mm. These potentiometers are non-spring type with shaft movement by self-weight at 
high-g. The maximum linearity error for any of these sensors is ±0.3% of full range 
output. The photograph of the potentiometer is shown in Figure 6.16. Calibration of these 
potentiometers involved the determination of relationship between the output voltage and 
displacement. The potentiometer is plugged into a calibration box and supplied with 10 V 
DC supply. The output from the calibration box was measured using a voltage meter. At 
the 0 mm, 20 mm, 40 mm, 60 mm and 80 mm and at the maximum displacement position 
of the shaft, the reading in the voltage meter were noted. A linear relationship between 
the displacement and output voltage was successfully obtained.  
 
Fig. 6.16 Photograph of the Linear Motion Potentiometer. 
6.4.2 Pore Water Pressure Transducers (PPTs) and Vacuum Gauge 
Druck PDCR-81 and TML KPE-500KPB miniature pore water pressure transducers 
(PPTs) were used in the present study to measure the pore water pressure changes in clay. 
The accuracy of PPTs is ±0.2%F.S. Druck PDCR-81 has a non-detachable porous filter 
while TML KPE-500KPB has a detachable porous filter. PPTs were saturated and 
calibrated before use. The photograph of PPTs and the PPT calibration set-up are shown 
in Figure 6.17(a) and 6.17(b), respectively.  
The PPTs were calibrated using GE Pressure calibrator. Druck PDCR-81 PPTs has a 
safe excitation voltage of 5V while TML KPE-500KPB PPTs has a safe excitation 
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voltage of 2 V. The PPT was plugged into the calibration box and supplied with the 
required excitation voltage. The transducer end was inserted into the GE pressure 
calibrator and the air pressure was applied in stages while noting down the output voltage 
in each stage. PPTs were calibrated in both the positive and negative pore water pressure 
ranges. At least three cycles were carried out for calculation. Linear regression was 
carried out to relate output voltage and applied pressure. The calibration plots are given in 










Fig. 6.17 Photograph of (a) PPTs and (b) PPT Calibration Setup. 
A GE transducer was used to monitor the applied vacuum pressure in the vacuum 
chamber. It was mounted on the top of the vacuum chamber. It can measure air pressure 
ranged between -100 kPa and 200 kPa. The accuracy of the vacuum gauge is ±1%F.S. or 
less. The photograph of the transducer is shown in Figure 6.18. The transducer was 
calibrated before use following the procedure detailed in the preceding paragraphs. It has 
a safe excitation voltage of 10 V. The calibration curve is given in Appendix B. 
 
Fig. 6.18 Photograph of Vacuum Pressure Transducer. 
6.4.3 Data Acquisition System 
Analogue signals from all the transducers (PPTs and Linear motion Potentiometers) in the 
centrifuge model package passing through the junction box are collected in the control 
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room via the electrical slip rings. All signals coming from Potentiometers and PPTs are 
first connected to a group of filters. The filtered signals from the PPTs and LVDTs were 
directly fed to the DAP3000a/11 analog to digital converter card installed in the computer 
and then digitized. The sample rate is pre-set to 50 Hz and block averaged by 50 samples 
and hence the data can be recorded at 1 sample per second. 
6.4.4 Vane Shear Apparatus and T-bar Penetrometer 
Vane Shear Apparatus and T-bar Penetrometer were used to determine the undrained 
shear strength properties of the clay soil before and after vacuum consolidation. The 
photographs of the vane blade is shown in Figure 6.19(a). Vane shear tests were 
conducted in between the drains immediately after spinning down at 1g. The photograph 
of the vane shear test setup is shown in Figure 6.20(a). 
The undrained shear strength of the clay is calculated by the Eq.6.1. 












    (6.1) 
Where 
T= Torque at failure 
D = Diameter of the Vane  
H =  Height of the Vane 
The height and the diameter of the vane blade is 12 mm and hence the H/D ratio is one 
and Eq. 6.1, reduces to   
     
0.276us T
     
(6.2) 
The vane shear strength measured after spinning down the centrifuge is not always 
reliable (Davis and Parry, 1985). Therefore, the in-flight strength measurements are 
preferred. The T-bar penetrometer developed by Stewart and Randolph (1991) was used 
to determine the strength profile of the soil in-flight at 50 g. The photographs of the T-bar 
penetrometer is shown in Figure 6.19(b). The length and diameter of the bar are 25 mm 
and 5 mm respectively. As the size of tank is 570 mm length by 203 mm width and the T-
bar test was carried 100 mm away from the wall, the boundary effect will be minimum. A 
T-Bar factor of Nb = 12 (Li, 2013) was adopted here to determine the shear strength. The 
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penetration resistance of the soil was measured by pushing the T-bar into the soil. When 
the T-bar penetrates into the soil, the soil would flow around it and the undrained shear 
strength, su, could be deduced from 





      (6.3) 
where 
q is the measured bearing pressure, and 
Nb is the bar factor taken as 12. 
The photograph of the T-Bar penetrometer test set up is shown in Figure 6.20(b). After 
spin down, the water content was measured on samples taken at different depths. 
(a) (b)
 











Fig. 6.20 Photograph of (a) Vane Shear Test Setup (b) T-bar penetrometer Test Setup. 
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6.5 PREPARATION OF CENTRIFUGE MODEL AND TEST PROCEDURE 
The preparation of centrifuge model test package and the testing procedure is detailed in 
this section. It includes the preparation of clay slurry and pre-consolidation of clay slurry 
at 1-g and high-g, installation of PPTs, PVDs, top drainage arrangement, vacuum 
generating system, vacuum sealing system and water recharge tank, etc. 
6.5.1 Properties of Clay and Preparation of Clay slurry 
The commercially available Malaysian kaolin was used in the present study. The index 
properties of Malaysian kaolin are given in Table 6.3. The 1-D consolidation test was 
performed using a consolidation cell of 72 mm diameter and 19 mm thickness. The 
procedure adopted for consolidation test is as described in Section 3.2.2. The time-
settlement graph was plotted for each load increment and the coefficient of vertical 
consolidation, cv was calculated using log-t method. The values of cv for different 
consolidation pressure range are given in Table 6.4. The e vs ln σ'v plot obtained from 1-D 
consolidation test are shown in Figure 6.21. The compression and recompression index of 
kaolin clay are determined as 0.454 and 0.143, respectively. The radial consolidation test 
was also performed using the same 1-D consolidation cell with slight modification. The 
procedure adopted is as described in Section 3.5. The log-t method proposed by Sridhar 
and Robinson (2011) was used to determine the coefficient of horizontal consolidation 
(ch) from the time-settlement data. The values of ch for different consolidation pressure 
range are given in Table 6.4. 
Table 6.3 Index properties of Malaysian Kaolin (Robinson 2009). 
Property Values 
Plasticity Characteristics:   
Liquid limit (%) 82 
Plastic limit (%) 40 
Plasticity index (%) 42 
Grain Size Distribution:   
Sand  (%) 0 
Clay size (%) 87 
Silt size (%) 13 















12.5-25 0.0140 0.0069 
25-50 0.0147 0.0072 
50-100 0.0208 0.0102 
























Fig. 6.21 Effective Vertical Stress - Void Ratio Plot for Malaysian Kaolin Clay. 
The kaolin clay slurry was prepared by mixing dry kaolin powder with required 
quantity of water to obtain about 1.5 times the liquid limit water content of the soil, i.e. 
120%. To get complete saturation, the slurry was de-aired by applying vacuum for 
approximately four hours. The photograph of the mixer and the de-airing unit is shown in 
Figure 6.22. A drainage layer made of 30 mm thick sand was placed at the bottom of the 
strong box. A 3 mm thick non-woven geo-textile was then placed above the sand layer. In 
order to minimize the friction between the wall and the soil, a thin layer of grease was 
smeared on to the walls of the container. The clay slurry was then placed in the container 
in layers under water to prevent the trapping of air pockets. Each layer was tapped to 
remove any air bubbles. The final thickness of clay slurry was about 400 mm. After 
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placing the clay slurry to the required height, a layer of geotextile was placed over the 












Fig. 6.22 Photograph of Clay Mixer With Simultaneous Vacuuming.  
6.5.2 Preconsolidation of Clay at 1-g 
The clay slurry was allowed to consolidate under self weight for a day. The soil was then 
loaded in stages by dead weight to a surcharge pressure of 10 kPa and sufficient time was 
allowed to consolidate under this pressure at 1g.  The sample took about a week for 90% 
consolidation under this pressure. In the present study, 230 mm thick Kaolin clay was 
prepared for all the tests by trimming any excess clay. This depth of clay under 50 g 
approximately simulates a prototype depth of 11.5 m of soft clay overlying 
incompressible very stiff soil (dense sand in present case). This soil profile with very low 
pre-consolidation stress was chosen to simulate a critical field situation wherein the clay 
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is very soft and normally consolidated with very high initial water content. The 
photograph of strong box with soil sample is shown in Figure 6.23. 
 
  
Fig. 6.23 Photograph of Sample Prepared in the Strong Box. 
6.5.3 Installation of PPTs and Preconsolidation of Clay at 50-g 
Before consolidation at 50 g, the pore water pressure transducers were installed in the 
clay for monitoring the changes in pore water pressure during surcharge and vacuum 
consolidation. For the installation of PPTs, the front acrylic panel of the strong box was 
removed. The PPTs were installed at midpoint between the PVDs and at depths of 20 
mm, 60 m, 100 mm, 140 mm, 160 mm and 180 mm which corresponds to prototype 
depths of 1 m, 3 m, 5 m, 7 m, 8m and 9 m, respectively. To install the PPTs, a hole of 10 
mm in diameter and 100 mm in length was formed using a thin sampling tube of outer 
diameter equal to 10 mm. The PPTs were inserted into the holes with the help of a guide 
rod and the holes were refilled with kaolin slurry. Proper care was taken to place the PPTs 
wires along the bottom of the clay and then along the side wall of strong box. The clay 
sample in the strong box with the installed PPTs is shown in Figure 6.24. The front panel 
was then assembled back in position. A geotextile mat was then placed on top of the clay. 
The sample was then consolidated under 50g for self weight consolidation. The sample 
took about eight hours for 90% degree of consolidation based on pore water pressure 
dissipation. To simulate 40 kPa of surcharge (for drainage layer and bentonite slurry 
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placed over the rubber membrane to prevent vacuum leakage) in prototype, a 80 mm 
thick saturated gravel layer was placed over  the geotextile mat. The sample was then 
again consolidated under 50g for surcharge load and it took about 8 hours for 90% degree 
of consolidation based on pore water pressure dissipation measurements. 
PPT
 
Fig. 6.24 Photograph of PPT Installation After Self Weight Consolidation. 
6.5.4 Installation of PVDs, Drainage Tube and Drainage Layer 
Once the consolidation under self weight and surcharge was complete, the surcharge 
material was removed to install the PVDs. A geotextile mat with three rows of holes with 
60 mm center to center (shown in Figure 6.25(a)) was prepared and placed on the top of 
clay. The PVDs of required length which were previously saturated under water were 
pushed into the clay at predefined location using 2 mm diameter guide rod.  
(a) (b)
    
Fig. 6.25 Photograph of (a) Geotextile Mat with Holes and (b) Drainage Tubes. 
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The drainage system made of interconnected PVC tubes having 6 mm outer diameter and 
4 mm inner diameter were placed over the geotextile mat. These tubes were connected to 
the vacuum chamber through a 8 mm PVC tube, which passes through the clay to the 
chamber through the back side of the strong box. This drainage system is used to 
distribute the vacuum and to collect the discharge from the soil. The photograph of the 
drainage system is shown in Figure 6.25(b). A 20 mm thick saturated drainage layer made 
of 5 mm angular gravel was then placed over the drainage tubes. Over the drainage layer 
a geotextile mat was placed followed by a mat of 60 mm thick layer of saturated 
surcharge material (4.75 mm angular gravel). The PPT wires that were coming out of the 
clay were sealed at the corner of the strong box using silicone sealant and allowed to cure 
for 12 hrs.  
6.5.5 Reconsolidation of Clay at 50-g and Vacuum Application 
The sample was reconsolidated under 50 g until the stabilization of pore water pressure. 
Once the reconsolidation was over, the 60 mm thick layer of saturated surcharge material 
was removed. A thick layer of bentonite clay (thicker consistency) was smeared along the 
periphery of the geotextile. Then five layers of 0.5 mm thick impermeable rubber 
membranes were placed one above another along with bentonite clay (thicker 
consistency) smeared along the periphery of each layer. Then bentonite slurry of 50 mm 
thickness simulating 25 kPa in prototype scale is poured over the rubber membrane to 
effectively prevent any vacuum loss. In order to prevent the drying of bentonite slurry, a 
thin cling film sheet was placed over it. The sample was then run in the centrifuge at 50 g 
and allowed for pore water pressure and settlement to stabilize. Once the pore water 
pressure and settlement were stable, the vacuum pump was started from the control room. 
A vacuum pressure of 80 kPa was preset at the vacuum regulator. Hence, once the 
vacuum pump was started, it builds up the preset vacuum pressure in the chamber which 
in turn is connected to the soil through the back of the strong box. The settlement and 
pore water pressure readings were recorded during the vacuum application and removal 
of vacuum, using the automatic data logging system. 
6.6 RESULTS OF CENTRIFUGE MODEL TESTS  
The centrifuge tests (9 m-UD and 7 m-D) presented here have arrangements with similar 
boundary conditions except Test 9 m-UD. The results of these tests namely the surface 
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settlement, the response of pore water pressure, the total head variation with depth, 
vacuum distribution with depth, effective stress distribution with depth, water content 
variation with depth after vacuum application and improvement in undrained shear 
strength are presented and interpreted in the following sections. The results are presented 
in prototype scale unless specified otherwise. 
6.6.1 Surface Settlement 
For the two tests reported, the surface settlements of the soil in the centre of the treated 
zone were measured using two linear motion potentiometers. The average of the two 
settlement readings is considered in the analysis. The measured surface settlements for 
the two centrifuge tests during vacuum application alone are compared in Figure 6.26. 
The objective of these centrifuge tests is to study the influence of vacuum preloading 
























Fig. 6.26 Time - Settlement Response During Vacuum Preloading. 
When vacuum pressure was applied, the two potentiometers showed a rapid 
development of settlement initially in both the tests. Test 9 m-UD with PVD depth of 9 m 
in 10 m depth of clay without sand seam (undrained condition) at the bottom of the clay 
has an ultimate settlement of 530 mm. As expected, this test has the maximum settlement 
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and it acts as a reference for the other test. Test 7 m-D with PVD depth of 7 m in 10 m 
depth of clay and drained boundary condition at the bottom of the clay has a settlement of 
420 mm. From the time settlement plot, it can be observed that the time taken for 100% 
degree of consolidation is about 100 days for Test 9 m-UD and 7 m-D. The consolidation 
of clay in Test 9 m-UD and 7 m-D are compared in the time-degree of consolidation plot 
shown in Figure 6.27. From Figure 6.27, it can be observed that the rate of consolidation 
is almost the same for both the tests. 
































Fig. 6.27 Comparison of Time Vs. Degree of Consolidation Responses. 
The validity of the Barron's theory (1948) in predicting the degree of consolidation of 
a radial flow problem with sand drain at the centre was analysed using results of 
centrifuge Test 9 m-UD. The Barron's theory was briefly described in Section 2.2.4. The 
solution of the Barron's Equation was given by the Eq. 2.6. The value of ch required in the 
Eq. 2.6 is taken as 0.015 cm
2
/s and 0.028 cm
2
/s from Table 6.4, for the pressure range of 
50 kPa to 200 kPa. This is the expected pressure range in the centrifuge model due to self-
weight, surcharge pressure of 40 kPa and vacuum pressure of -80 kPa. In Test 9 m-UD, 
the consolidation took  place not only in the radial direction, but also in the vertical 
direction. To take this into account, the overall degree of consolidation given by Eq. 2.12 
was used. The Eq. 2.6 takes into account both vertical and radial consolidation. The value 
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of cv required in 1-D consolidation theory is taken as 0.007 cm
2
/s and 0.0133 cm
2
/s from 
Table 6.4, for the pressure range of 50 kPa to 200 kPa. The experimental and predicted 
overall degree of consolidation is shown in Figure 6.28. From Figure 6.28, it can be 
observed that the rate of consolidation from experiment is matching closely with that 
predicted by the consolidation theory, when the values of ch and cv are those 
corresponding to 50 kPa pressure in radial and vertical consolidation tests, respectively. 
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Fig. 6.28 Comparison of Time Vs. Degree of Consolidation Responses. 
6.6.2 Variations of Pore Water Pressure Along Depth 
For Test 9 m-UD, the variation of total initial pore water pressure along the depth of clay 
is shown in Figure 6.29. It is to be noted that the PPTs are placed at midpoint between the 
drains. Also, the surface of clay is taken as the datum to measure the depth of each PPT. 
There were total of six PPTs at depths of 1m, 3.25 m, 4.75 m, 7.25 m, 7.75 m and 8.75 m, 
respectively. At the end of surcharge consolidation at 50g, there was undissipated or 
excess initial pore water pressure in clay. The excess pore water pressure was slightly 
higher at top layer of clay. With reference to hydrostatic state, the measured maximum 
excess pore water pressure was about 5 kPa. A vacuum pressure of -84.75 kPa was 
measured by the vacuum gauge even though the vacuum gauge was set at -80 kPa, at 1g. 
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When the vacuum pressure was applied, pore water pressure in the clay quickly reduced 
as pore water dissipates out from the clay into the drain and out to the vacuum chamber. 
The variation of pore water pressure with time at different depth of clay is shown in 
Figure 6.30. The excess pore water pressures dissipated completely within 100 days in 
this test. The pore water pressure remained almost unchanged after that point and until the 
centrifuge was stopped, as shown on day 200 in Figure 6.30. The variation of final 
suction head along the depth of clay is also shown in Figure 6.29. It is plotted along with 
the ideal suction pressure. It can be observed from Figure 6.29 (as the difference between 
the ideal and the final suction line) that there is vacuum loss along the depth of clay.  A 
maximum suction pressure of -84.75 kPa is measured at the top of the clay and a 
minimum suction pressure of -73.83 kPa was measured at the location of bottom most 
PPT, i.e. at a depth of 8.75 m. 
For Test 7 m-D, the variation of total initial pore water pressure along the depth of clay 
is shown in Figure 6.31. There were total of six PPTs at depths of 1m, 3.25 m, 4.5 m, 5.75 
m, 7 m and 8.25 m, respectively, similar to the previous test. Also in this test, at the end 
of surcharge consolidation at 50g, there was undissipated or excess pore water pressure 
above the hydrostatic pore water pressure along the entire depth of clay. With reference to 
hydrostatic state, the measured maximum excess pore water pressure was about 10.92 kPa 
at the depth of 3.25 m. A vacuum pressure of -84.29 kPa was measured by the vacuum 
gauge even though the vacuum gauge was set at -80 kPa, at 1g. The variation of pore 
water pressure with time at different depth of clay is shown in Figure 6.32.The excess 
pore water pressures dissipated completely within 100 days in this test. The pore water 
pressure remained almost unchanged after that point and until the centrifuge was stopped, 
as shown on day 173 in Figure 6.32. The variation of final suction head along the depth of 
clay is shown in Figure 6.31. In this test also, it can be observed from Figure 6.31 (as the 
difference between the ideal and the final suction line) that there is vacuum loss along the 
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Fig. 6.29 Variations of Pore Water Pressure Along Depth in Clay for Test 9 m-UD. 
 


































Fig. 6.30 Time - Pore Water Pressure Dissipation Response During Vacuum Application 
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Fig. 6.31 Variations of Pore Water Pressure Along Depth in Clay for Test 7 m-D. 
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Fig. 6.32 Time - Pore Water Pressure Dissipation Response During Vacuum Application 
for Test 7 m-D. 
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6.6.3 Final Vacuum Pressure and Effective Stress Distribution Along Depth 
For the two centrifuge tests, the variation of vacuum pressure along the depth of clay is 
plotted in Figure 6.33. For Test 9 m-UD, the maximum vacuum pressure of -84.75 is at 
the top of the clay and a minimum vacuum pressure of -73.5 kPa was at the location of 
bottom most PPT, i.e, at a depth of 8.75 m. The vacuum loss is about -11.25 kPa at the 
depth of 8.75 m. A loss per m of about -1.3 kPa is obtained. Aravinthan (2004) observed 
a loss of about 0.7 kPa per m, which compares with the centrifuge study. For Test 7 m-D, 
the vacuum loss is more significant due to the pressure of sand seam. The loss at the 
bottom is as much as 38.35 kPa. Therefore, the settlement is expected to be lower as can 
be inferred from Figure 6.33. As the number of centrifuge tests is limited, the optimum 
penetration depth cannot be ascertained. However, the results will be calibrated with a 
Finite Element model and parametric study will be carried out. For the two centrifuge 
tests, the variation of final effective stress (includes self-weight, surcharge and vacuum 
pressure) with depth in clay is plotted along with the ideal stress and is shown in Figure 
6.34. The average final unit weight (γb) of the clay calculated based on the final water 




























































Fig. 6.34 Comparison of Variation of Final Effective Stress with Depth. 
6.6.4 Variation in Water Content Along Depth 
At a seating pressure of 10 kPa at 1-g, the water content at the top of the clay layer was 
about 81% which is close to the liquid limit water content. In order to evaluate the ground 
improvement induced by vacuum preloading, the water content was measured immediate 
after spin down at 1-g. The water content was measured in the zone between the vertical 
drains. A 38 mm sampling tube was pushed into the clay to obtain the samples for water 
content determination along the depth. The variation of water content along depth for all 
the centrifuge tests is shown in Figure 6.35. For Test 9m-UD, the water content decreased 
along depth, from 50.5% on the top to 58% near the bottom of clay. For Test 7m-D, the 
water content decreased along depth, from 53% on the top to 62% near the bottom of 
clay. Higher water content for Test 7 m-D is due to the pressure of seam that rescued the 
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Fig. 6.35 Variation of Water Content Along Depth in Clay. 
6.6.5 Undrained Shear Strength of Soil Along Depth 
The undrained shear strength is the most often used parameter to evaluate the 
performance of the ground improvement work. The undrained shear strength profile of 
the model ground was determined using both laboratory vane shear apparatus and T-bar 
penetrometer. The undrained shear strength profile of the soil was determined before and 
after vacuum preloading.  
The T-bar penetrometer was used to determine the undrained shear strength profile in-
flight at 50 g. These tests were carried out at midpoint between the drains. The undrained 
shear strength profile determined using T-bar penetrometer, before and after vacuum 
preloading is shown in Figure 6.36. In both the centrifuge tests, the clay model was 
initially subjected to a surcharge pressure of 40 kPa. Hence at the top of the soil, the 
effective stress would be 40 kPa and at a depth of 10 m, the effective stress would be 
around 90 kPa. The average undrained shear strength before vacuum preloading from 
both the centrifuge tests ranged from 12.5 kPa at the top (at 0.75 m) to 17.5 kPa at the 
bottom (at 10 m). According to Ladd and Foott (1974), the undrained shear strength of 
normally consolidated soil is approximately equal to 0.22 to 0.25 times of the effective 
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stress (range given in Figure 6.36). From Figure 6.36, we can observe that the undrained 
shear strength values are slightly high at the top and low at the bottom. The undrained 
shear strength after vacuum preloading for both the centrifuge at the top (at 0.75 m) and 
at the bottom (at 9 m) of clay is given in Table 6.5. From Table 6.5, we can observe that 
the values of undrained shear strength are quiet within the range of 0.22 to 0.25 times of 





























Fig. 6.36 Variation of Undrained Shear Strength Along Depth in Clay (T-Bar). 
Table 6.5 Values of Undrained Shear Strength after Vacuum Application (T-Bar). 
Effective Stress, 
σ'v kPa 
Test 9 m-UD Effective Stress, 
σ'v kPa 
Test 7 m-D 
cu, kPa (cu/σ'v), kPa cu, kPa (cu/σ'v), kPa 
Top 124 32.5 0.26 Top 124 31 0.25 
Bottom 166 40 0.24 Bottom 135 32.2 0.24 
The undrained shear strength profile was also determined using vane shear apparatus at 
1-g, immediately after spin down from 50 g. The vane shear tests were also carried out at 
midpoint between the drains at two locations. The average of these two values were taken 
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for plotting. The undrained shear strength profile determined using vane shear apparatus, 
before and after vacuum preloading for the two centrifuge tests is shown in Figure 6.37. 
The average undrained shear strength before vacuum preloading from both the centrifuge 
tests ranged from 5.5 kPa at the top (at 0.75 m) to 15 kPa at the bottom (at 10 m). From 
Figure 6.37, we can observe that the undrained shear strength values are slightly lower at 
the top and at the bottom compared to that given by Ladd and Foott (1974). It may be due 
to the fact that considerable swelling would have occurred when spinning down from 50 g 
to 1g and this would have affected the shear strength significantly. The undrained shear 
strength after vacuum preloading for all the centrifuge tests at the top (at 15 mm) and at 
the bottom (at 180 mm) of the clay soil is given in Table 6.6. From Table 6.6, we can 
observe that the values of undrained shear strength are quiet high at the top of clay for all 
the centrifuge tests. This may be due drying of surface layer as the vane shear test was 
carried out after T-bar test. Also it can be observed from Table 6.6 that at the bottom of 
clay, the undrained shear strength values ranges between 0.23 to 0.25 times the effective 
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Table 6.6 Values of Undrained Shear Strength after Vacuum Application (Vane Shear). 
Effective Stress, σ'v 
kPa 
Test 9m-UD Effective Stress, σ'v 
kPa 
Test 7m-D 
cu, kPa (cu/σ'v), kPa cu, kPa (cu/σ'v), kPa 
Top 124 46 0.37 Top 124 43 0.35 
Bottom 166 38.5 0.23 Bottom 135 34 0.25 
6.7 NUMERICAL ANALYSES 
Parametric finite element analyses are carried out to obtain the optimum penetration depth 
of PVD when sand seams are present beneath the clay soil. Finite element (FE) model 
was developed and calibrated against the centrifuge tests reported in the previous section. 
Using the calibrated FE model, parametric studies were carried out and the results are 
discussed in the following sections. All the finite element analyses are performed using 
the FE program ABAQUS Version 6.12 (ABAQUS Inc., 2012). 
6.7.1 Constitutive Model and Material Parameters 
The stress-strain behaviour of the Malaysian kaolin clay used in the present study is 
assumed to follow the Modified Cam-Clay Model, MCCM, (Roscoe and Burland, 1968). 
The Modified Cam-Clay Model is based on the Critical State Soil Mechanics (CSSM) 
theory (Schofield and Wroth, 1968) and the important Critical State paramters are λ, κ, 
No, M and eo which were explained in Section 4.6. 
The parameters λ, κ, eo and  No were obtained from 1-D consolidation tests reported in 
Section 6.5.1. The initial value of void ratio is obtained from e vs. ln σ'v (Figure 6.21) for 
the given initial stress condition. The critical state parameter M is obtained as 0.9 (Goh, 
2003). The angle of friction is obtained as 23.5°
 
from M through the relationship 









     (6.4) 
 The empirical relationship (Eq. 6.5) given by Jaky (1944)  has been used to find K0NC. 
The empirical relationship is 
     0 1 sin 'NCK       (6.5) 
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Based on the above relationship the value of K0NC is obtained as 0.6. Poisson’s ratio is 
obtained as  0.38 through the relationship 










    (6.6) 
The permeability of kaolin clay was determined by performing falling head 
permeability test. The test was performed at the end of each effective confining pressure 
of 25 kPa, 50 kPa, 100 kPa, 200 kPa and 400 kPa in the 1-D consolidation test (Section 
6.5.1). The plot of void ratio versus the permeability is shown in Figure 6.38. The 
permeability is allowed to vary with void ratio based on the Eq. 6.7 from the Figure 6.38. 






















Fig. 6.38 Void Ratio-Permeability Plot for Malaysian Kaolin Clay. 
An elasto-plastic constitutive model with Mohr-Coulomb failure criterion. is adopted 
for the PVD drain used in the centrifuge test. A friction angle of 26° has been assumed. A 
dilation angle of 5°
 
is assumed. By employing Jaky’s equations relating K0NC and '  as 
given by Eq. 6.5, the value of K0NC is obtained as 0.56. Poisson’s ratio is obtained as 0.36 
through the relationship given by the Eq. 6.6. Young’s modulus of drain is assumed to be 
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very low at 100 kPa to simulate the high compressibility of the drain material. This low 
value of Young’s modulus is chosen, so as not to offer any resistance for the settlement of 
the surrounding soil. The permeability of the drain is assumed as 10−
4
 m/s at a void ratio 
of 0.8. A summary of material parameters used in the finite-element analysis are given in 
Table 6.7. 
Table 6.7 Summary of Material Parameters used in FE Analysis. 
Symbol Parameter Value 
 
Clay 
λ Slope of compression line in e-ln σ'v plot 0.198 
κ Slope of recompression line in e-ln σ'v plot 0.068 
No Void ratio at σ'v = 1 kPa on 1-D line 2.817 
M Slope of critical state line in q-p' plot 0.9 
eo Initial void ratio of clay at 10 kPa 2.282 
K0NC Coefficient of earth pressure at rest 0.6 
'  Critical state friction angle 23.5° 
ν Poisson’s ratio 0.38 
k (m/s) Permeability of clay Eq. 6.7 
 
Drain 
'  Critical state friction angle 26° 
k (m/s) Permeability of sand 0.0001 
E (kPa) Young’s modulus of drain 100 
ν Poisson’s ratio 0.36 
eo Initial void ratio of sand 0.8 
6.7.2 Finite Element Modelling of Centrifuge Testing 
The numerical modelling of centrifuge test is done either in prototype scale or in the 
model scale. If the prototype scale is used, the properties namely the unit weight of pore 
water γw and the permeability of the clay to be used in the analysis. But if model scale is 
used in the numerical analysis, then the unit weight of water and the permeability of the 
clay at Ng should be used in the analysis. 
6.7.3 Finite Element Geometric Model for 3-D Analysis of Centrifuge Tests 
Two numerical models were developed for analysing the two centrifuge model test. The 
difference in each model is the depth of the drain. Due to symmetry, the portion of the 
centrifuge model highlighted in Figure 6.39 is used for numerical analysis. The FE model 
for a coupled 3D FE analysis on clay with PVDs for all the centrifuge tests is shown in 
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Figure 6.40. The FE model is 0.06 m wide (3 m in the prototype scale), 0.32 m length (16 
m in the prototype scale) and 0.23 m thick (11.5 m in the prototype scale)  in model scale. 
There were total of five PVDs. The width of each PVDs is 0.006 m (0.30 m in the 
prototype scale) and the thickness of the PVDs is 0.003 (0.15 m in the prototype scale)  
m. The lengths of the PVDs are 0.18 m and 0.14 m for centrifuge tests 9 m -UD and 7 m -
D, respectively, which corresponds to prototype depth of 9 m and 7 m, respectively. The 
centre to centre spacing between the drain is 0.06 m (3 m in the prototype scale). Four 
vertical sides of the 3D model are laterally restrained and the bottom boundary is 
restrained in both vertical and horizontal directions. The vertical sides are impermeable 
and no drainage/fluid flow is allowed at these sides. The bottom surface is made 
impermeable, when it is undrained (no sand seam) and is made permeable under drained 
condition (with sand seam). Twenty node pore fluid/stress elements (C3D20RP) are used 
for coupled drained analysis and a total of 7020 elements are included in the mesh. 
6.7.4 Numerical Simulation of Self Weight, Surcharge and Vacuum Consolidation 
The numerical simulation of the centrifuge model tests involve three stages, namely 
a) The Self weight or gravity consolidation along with seating pressure of 10 kPa on 
the top surface of the model. 
b) The Surcharge consolidation under surcharge pressure of 30 kPa on the top 
surface of the model to simulate bentonite slurry and top drainage material. 
c) The Vacuum consolidation under vacuum pressure (on the top surface of the 
model) measured at the vacuum gauge for each centrifuge model tests. 
The above three stages involve further two steps in each stage and are detailed as 
follows. In the first step of stage one, in order to simulate the Self weight or gravity 
consolidation, the g-level was increased from 1g to 50g along with the instantaneous 
seating pressure of 10 kPa for 20 seconds. This step is to set up the pore pressure due to 
gravity and seating pressure. In the second step of stage one, the model was allowed to 
consolidate under the gravity and seating pressure applied in the previous step for 100000 
seconds. During this stage of loading, the top surface of the model is drained and the 
bottom surface of model is undrained for the two centrifuge model tests i.e. the pore 






















Fig. 6.40 FE Model for 3D Numerical Analysis. 
In the first step of stage two, instantaneous surcharge pressure of 30 kPa on the top 
surface of the model was applied for 20 seconds. This step is to set up the pore pressure 
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due to surcharge pressure. In the second step of stage two, the model was allowed to 
consolidate under the surcharge pressure applied in the previous step for 100000 seconds. 
During this stage of loading, the top surface of the model is drained and the bottom 
surface of model is undrained for the two centrifuge model tests i.e. the pore pressures are 
set to zero at the top and the bottom surface was kept as undrained surface by treating the 
pore pressure as a variable parameter in the analyses. 
In the first step of stage three, instantaneous vacuum pressure of -84.75 kPa measured 
at the vacuum gauge for each centrifuge model tests was applied on the top surface of the 
model for 20 seconds. This step is to set up the pore pressure due to surcharge pressure. 
In the second step of stage three, the model was allowed to consolidate under the vacuum 
pressure applied in the previous step for 100000 seconds. During this stage of loading, the 
top surface of the model is drained for both centrifuge model tests. The bottom surface of 
the model is undrained (no sand seam) for centrifuge model test 9 m-UD. But for the 
other centrifuge model test (7 m-D), the bottom surface was set to pore water pressure 
corresponding to that from the previous stage, i.e. the pore water pressure at the end of 
surcharge consolidation. 
6.7.5 Comparison of Measured and Computed Settlements 
The objective of centrifuge model tests and the subsequent numerical analysis is to study 
the influence of vacuum preloading with the presence of sand seam beneath the vertical 
drain. Therefore, the surface settlements are plotted for the vacuum preloading stage. The 
measured and computed settlements during vacuum preloading are shown in Figure 6.41. 
Test 9 m-UD with PVD depth of 9 m in 10 m depth of clay and undrained boundary 
condition at the bottom of the clay has a measured ultimate settlement of 530 mm. As 
expected, this test has the maximum settlement. The computed settlement for Test 9 m-
UD is 545 mm which is slightly higher than the experimental value by 3%. Test 7 m-D 
with PVD depth of 7 m in 10 m depth of clay and drained boundary condition at the 
bottom of the clay has a settlement of 420 mm. The computed settlements for Test 7 m-D 
is 450 mm, which is 7.1% higher than the measured value. From the time settlement plot, 
it can be observed that the time taken for 100% degree of consolidation is about 100 days 
in the two centrifuge tests. Also, the time taken for 100% degree of consolidation is about 
100 days from numerical analysis of the centrifuge tests. Therefore, the settlement values 
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Fig. 6.41 Measured and Computed Time - Settlement Response During Vacuum 
Preloading. 
6.7.6 Comparison of Measured and Computed Pore Water Pressure Variation with 
Time  
Figure 6.42(a) and 6.42(b) compares the measured and the computed pore water pressure 
at different depth of clay for Test 9 m-UD and Test 7 m-D, respectively. It is to be noted 
that the pore water pressure are measured and computed at midpoint between the drains. 
For Test 9 m-UD, during early stages of consolidation, the computed pore water pressure 
dissipated slower than the measured values. But the time for 100% degree of 
consolidation is 100 days based on both measured and computed pore water pressure 
values. It can be observed from Figure 6.42(a) that the computed and the measured final 
vacuum pressure are not the same, as there is some loss of vacuum after 7 m depth of clay 
in the experiment and the same was not observed in the computed values. For Test 7 m-D, 
during early stages of consolidation, the computed pore water pressure compares well 
with the measured values, except at the shallow depths. Also, the time for 100% degree of 
consolidation is 100 days based on both measured and computed pore water pressure 
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(b) 7 m-D 
Fig. 6.42 Measured and Computed Time - Pore Water Pressure Dissipation Response 
During Vacuum Application. 
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6.7.7 Comparison of Measured and Computed Final Vacuum Pressure Distribution 
For all the centrifuge model tests and the corresponding numerical simulations, the final 
vacuum pressure along the depth of soil are plotted in Figure 6.43. For Test 9 m-UD,  the 
applied vacuum pressure at the top of clay is -84.75 kPa. As no loss of vacuum was 
considered in the analysis, the vacuum pressure is constant in the numerical analysis. 
However, the vacuum pressure was observed to decreases with depth in the centrifuge 
test. The loss is about 1.3 kPa per m length of the drain. Loss of vacuum with depth was 
also reported in the earlier studies. For example, Aravinthan (2004)  reported a loss of 
vacuum of about 0.7 kPa/m in the centrifuge tests. For the second case with sand seam 
below the drain, the vacuum pressure at the bottom of PVD is less than the applied 
vacuum pressure. This is due to the fact that the vacuum pressure is partially used to 
pump the water from the bottom of the drain. This results in reduction in vacuum 
distribution with a consequent reduction in settlement. A minimum vacuum pressure of -
73.5 kPa was at the location of bottom most PPT, i.e. at a depth of 8.75 m. This difference 
in final vacuum pressure distribution is reflected in the final settlement values for Test 9 
m-UD. The computed values represent the ideal condition in which there is no vacuum 
loss. 
For 7 m-D, the computed final vacuum pressure is over estimated at the top 7 m depth 
of clay and is slightly underestimated below 7 m depth of clay. The slight difference 
between the measured and computed settlements may be attributed to the vacuum 
pressure distribution as the distribution dictated the effective stress within the clay 
stratum. The comparison of numerical analysis and centrifuge test shows that the 
numerical model is able to predict the response of soil under vacuum consolidation 
reasonably well. Therefore, further numerical analysis was carried out using the FE model 




























Fig. 6.43 Measured and Computed Vacuum Pressure Variation Along Depth in Clay. 
6.8 OPTIMUM PENETRATION DEPTH (OPD) 
Guided by the fact that the numerical analysis presented in the previous section is able to 
predict the behaviour of the vacuum consolidation process well, the analyses were carried 
out with PVD penetration depths of 0 m, 5 m, 9 m , 9.5 m, 9.75 m and 10 m in 10 m 
depth of clay with sand seam. 
The computed time-settlements response for different PVDs penetration depths of 5, 7 
m, 9 m , 9.5 m, 9.75 m and 10 m in 10 m depth of clay with sand seam during vacuum 
preloading are shown in Figure 6.44. For comparison, the final settlement corresponding 
to each PVDs penetration depths is plotted in Figure 6.45. From the Figure 6.45, we can 
observe that the clay without drain and the drain with full penetration in the sand seam are 
giving the least settlement. However, the rate of settlement are different for both the case 
as shown in Figure 6.46. Further from Figure 6.45, we can observe that the settlement 
values increase with penetration depth upto 9.5 m and then decreases. 
For all the numerical simulations with different PVDs penetration depths, the variation 
of computed final vacuum pressure along the depth of clay is shown in Figure 6.47. From 
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Figure 6.47, we can observe that the clay without drain and with sand seam and fully 
penetrating drain, produced the least settlement for which the loss of suction is more. 
Also the clay with sand seam and 9.5 m PVDs penetration depth, loss of suction is less 
resulting in maximum settlement. Hence, it can be concluded based on the settlement and 
the vacuum distribution that, when the depth of PVDs is about 0.5 m short of the free 
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Fig. 6.47 Computed Vacuum Pressure Variation Along Depth in Clay. 
6.9 PARAMETRIC STUDY 
The behaviour of soft soil underlain by a sand layer and subjected to vacuum preloading 
was investigated by centrifuge model tests. Further, to gain more insights into the 
problem, numerical simulations of the centrifuge tests were carried out and were 
presented in Section 6.7. The finite element models are able to predict the vacuum 
induced compressions with reasonable accuracy as described in the earlier section. The 
same numerical procedure was adopted to arrive at the optimum penetration depth (OPD) 
of the PVDs which was presented in Section 6.8. The important parameters considered in 
the parametric studies are coefficient of permeability and drain spacing ratio, n. The 
influence of these parameters on the optimum penetration depth of PVDs is described in 
the following Sections. The thickness of the soft clay soil is taken as 11.5 m in all these 
parametric studies. 
6.9.1 Effect of Permeability on Optimum Penetration Depth of PVDs 
The preloading technique are generally used for silty clay and clay soils. The expected 
range of permeability varies from about 10
-8
 m/s to 10
-10
 m/s. For the analysis, 
permeability values of k1 = 10
-8
 m/s and k2 =10
-10
 m/s were used such that k1 is 100 times 
223 
 
more permeable than k2. The numerical model described in the Section 6.8 is used in this 
section also. For easy comparison, the final settlement corresponding to each PVDs 
penetration depths for two different permeabilities are plotted in Figure 6.48. From the 
Figure, we can observe that the clay with lower permeability, i.e. k2 gives higher final 
settlement values than k1. For the numerical simulations with different PVDs penetration 
depths namely 5 m, 7 m and 9 m, the variation of computed final vacuum pressure along 
the depth of clay is shown in Figure 6.49. From Figure 6.49, it can be observed that in all 
cases, the clay with permeability k2 gives better distribution of vacuum. This implies that 
the lower is the permeability of the clay higher will be the settlement for the given PVDs 
























































































Fig. 6.49 Computed Vacuum Pressure Variation Along Depth in Clay. 
6.9.2 Effect of Drain Spacing Ratio, n, on Optimum Penetration Depth of PVDs 
The expected range of drain spacing ratio, n, in the field is 12 to 35. For the analysis, 
three different drain spacing ratios, n, namely 12, 24 and 48 were chosen for this study. 
These drain spacing ratios corresponds to 0.8 m, 1.6 m and 3.2 m spacing between the 
drains in the field respectively, for a PVD drain of 100 mm width and 5 mm thickness. 
Except the spacing between the drains and the width of the model, the material 
parameters and the boundary conditions described in the Section 6.8 are used in this 
section also. The computed time-settlements response under different drain spacing ratio 
for different PVDs penetration depths of 5 m, 7 m and 9 m in 10 m depth of clay with 
sand seam during vacuum preloading are shown in Figure 6.50. For clarity, the results 
corresponding to n of 12 and 24 are presented in Figure 6.50. From Figure 6.50, we can 
observe that the time for 100% degree of consolidation increase as we increase the drain 
spacing ratio. For easy comparison, the final settlement corresponding to each PVDs 
penetration depths for three different drain spacing ratio are plotted in Figure 6.51. From 
Figure 6.51, we can observe that the clay with lower drain spacing ratio namely 12 has 
given higher final settlement values than with, n, of 24 and 48. For the numerical 
simulations with different drain spacing ratios of 12 and 24 and PVDs penetration depths 
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namely 5 m, 7 m and 9 m, the variation of computed final vacuum pressure along the 
depth of clay is shown in Figure 6.52. From Figure 6.52, it can be observed that in all 
cases, the clay with lower drain spacing ratio, namely 12 has larger vacuum pressure 
distribution compared with , n of 24. This implies that the lower is the drain spacing ratio, 
higher will be the settlement for the given penetration depth of PVDs.  
The normalized settlement plot with respect to penetration depth for different drain 
spacing ratio is shown in Figure 6.53. This plot corresponds to permeability k1. It can be 
observed from Figure 6.53, that the maximum value of settlement is obtained for any 
drain spacing ratio and penetration depth under undrained (without sand seam) condition. 
It can also be observed from Figure 6.53, that to get the maximum settlement with sand 
seam, the drains should penetrate upto 0.5 m short of the free draining sand seam and the 
drain spacing ratio should be the minimum possible in the field. The normalized 
settlement plot with respect to different drain spacing ratio for different drains penetration 
depth is shown in Figure 6.54. From Figure 6.54, we can observe that as we increase the 
drain spacing ratio, the settlements values under different penetrations depths approach 





























































































































































Fig. 6.54 Normalized Plot of Settlement and Drain Spacing Ratio. 
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6.10 COMPARISON BETWEEN 3-D AND AXI-SYMMETRIC FE MODEL 
In the preceding Sections, 3-D finite element models were used to numerically analyse 
the centrifuge model tests, to arrive at OPD of PVDs. However, 3-D models are 
computation intensive and time consuming. The unit cell (comprising of drain and the soil 
portion influenced by the drain) concept developed by Barron (1948), can be utilized to 
solve the radial consolidation problem numerically with less computational effort. The 
unit cell is modelled in axi-symmetric space. In this section, the suitability of axi-
symmetric finite element model to simulate the settlement and pore water pressure 
dissipation with time is presented. 
In the centrifuge model, the single unit cell comprising of drain and the clay portion 
influenced by the drain is highlighted in Figure 6.55(a). This single unit cell is used for 
numerical analysis in axi-symmetric space. The width of PVD is 0.006 m (0.30 m in the 
prototype scale) and the thickness of the PVDs is 0.003 m (0.15 m in the prototype scale). 
The equivalent diameter of PVD and the equivalent diameter of influence zone (for 3 m 
spacing) are 5.7 mm and 67.7 mm, respectively (from Section 6.3.5). The FE mesh for a 
coupled axi-symmetric FE analysis of clay with PVD of 9 m depth is shown in Figure 
6.55(b).  
The computed time-settlements response of 3-D and axi-symmetric finite element 
model for PVD penetration depth of 9 m in 10 m depth of clay and without sand seam 
during vacuum preloading are compared in Figure 6.56. The computed settlement from 
axi-symmetric and 3-D finite element model are 550 mm and 545 mm respectively. The 
settlement from axi-symmetric model is slightly higher than that form the 3-D model by 
1%. Figure 6.57 compares the computed pore water pressure response at different depth 
of clay for 3-D and axi-symmetric finite element model. It is to be noted that the pore 
water pressure are computed at midpoint between the drains in case of 3-D model and at 
the periphery for the axi-symmetric model. From Figure 6.57, it can be observed that the 
computed pore water pressure response from 3-D and axi-symmetric finite element model 
compares well in the entire time range of consolidation. Hence, based on the above 
discussion it can be concluded that the axi-symmetric finite element model can be used to 
simulate the settlement and pore water pressure dissipation of clay with PVDs under 










            
Fig. 6.55 (a) Portion of Centrifuge Model for Axi-Symmetric Numerical Analysis (b) FE 
























Fig. 6.56 Computed Time - Settlement Response During Vacuum Preloading. 
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Fig. 6.57 Computed Time - Pore Water Pressure Dissipation Response During Vacuum 
Preloading. 
6.11 SUMMARY 
In this Chapter, centrifuge modelling technique was employed to investigate the 
behaviour of soil deposit with sand seam beneath the PVDs subjected to vacuum 
preloading. Investigations were carried out to determine the Optimum Penetration Depth 
of PVDs with sand seam beneath the PVDs. Two centrifuge model tests were performed. 
The first test was performed with PVD penetration depth of 9 m in 10 m depth of 
homogeneous clay soil. The second test was performed with  PVD penetration depth of 7 
m in 10 m depth of clay soil and underlain by a sand seam. Further, to gain more insights 
into the problem, numerical simulations of the centrifuge tests were carried out. The good 
comparison between the measured and the computed results showed that the problem was 
simulated well. The same numerical procedure was adopted to arrive at the optimum 
penetration depth (OPD) of the PVDs through parametric studies. The important 
parameters considered in the parametric studies were coefficient of permeability and drain 
spacing ratio, n. Also, the suitability of the axi-symmetric finite element model to 
simulate the settlement and pore water pressure dissipation of soil deposit with sand seam 
beneath the PVDs subjected to vacuum preloading was analysed. The following major 
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conclusions are drawn based on the experimental and numerical results reported in this 
chapter. 
For Test 9 m-UD,  the vacuum loss was minimum as there was no sand seam at the 
bottom of the clay. Hence this test has the highest vacuum pressure distribution and 
produced the maximum settlement of the soft soil layer as expected. For the Test 7 m-D, 
the vacuum loss is more significant due to the presence of sand seam and produced lower 
settlement compared to Test 9 m-UD. The rate of consolidation is almost the same for 
both the tests based on the time-degree of consolidation response. The validity of the 
Barron's theory (1948) in predicting the degree of consolidation of a radial flow problem 
with sand drain at the centre was analysed using the results of centrifuge Test 9 m-UD. It 
was found that the Barron's theory using unit cell concept is able to predict the time-
settlement curve reasonably well. 
The undrained shear strength profile of the model ground were determined using both 
laboratory vane shear apparatus and T-bar penetrometer. The undrained shear strength 
profile of the soil was determined before and after vacuum preloading. The values of 
undrained shear strength are quiet within the range of 0.22 to 0.25 times of its effective 
stress (Ladd and Foott, 1974). The increase in undrained shear strength was about 2.5 
times the initial strength. As the number of centrifuge tests were limited, the optimum 
penetration depth could not be ascertained from these tests. However, the centrifuge 
results were calibrated with a Finite Element model and parametric studies were carried 
out. 
From the results of the three dimensional finite-element analyses, it was concluded that 
the PVDs are to be terminated at a depth of 0.5 m short of the free draining layer (sand 
seam), i.e. for the case of sand seam at 10 m depth, the PVDs are to be terminated at a 
depth of 9.5 m. Also, the 3D numerical analyses were performed to study the effect of 
permeability and drain spacing ratio on the optimum penetration depth of the PVDs under 
vacuum preloading and with sand seam. It was found that the lower is the permeability of 
the soil, the higher will be the settlement of the soil due to better air-tight conditions 
within the soil. It was also found that, to get the maximum settlement with sand seam 
beneath the PVDs, the drains spacing should be as minimum as possible for the given 
PVDs penetration and vacuum pressure.  
232 
 
It can be concluded that to get the maximum settlement in a clay deposit with sand 
seam beneath the PVDs, the drains should penetrate up to 0.5 m short of the free draining 
sand seam. The drain spacing ratio should be as minimum as possible. It was also found 
that the axi-symmetric finite element model can be used to simulate the settlement and 
pore water pressure dissipation in the soil with PVDs under vacuum preloading and with 
sand seam beneath the PVDs. 
CHAPTER 7 
SUMMARY AND CONCLUSIONS 
7.1 SUMMARY OF THE THESIS 
Preloading, coupled with Prefabricated Vertical Drains (PVDs), is a viable ground 
improvement technique for the stabilization of soft clay deposits. Vertical drains play an 
important role in reducing the drainage path for the dissipation of excess pore water when 
the clay deposit is preloaded. Arriving at the spacing between the drains is critical for the 
economy and time of the preloading projects. The most important design parameter 
pertaining to radial flow of water (in the presence of vertical drains) projects is the 
coefficient of horizontal consolidation, ch. An accurate estimation of coefficient of 
horizontal consolidation ch, is very much essential for the rational design of vertical 
drains and subsequently, the success of the preloading projects. Hence, the laboratory 
determination of coefficient of horizontal consolidation ch, is explored as one of the 
objectives of the present investigation. 
In preloading projects, either surcharge or vacuum or combined surcharge and  
vacuum is used as preload. The properties of clay after surcharge or vacuum preloading 
should be assessed so as to understand the response. Hence, comparative study on the 
engineering properties of soft clay such as undrained shear strength, permeability, 
consolidation characteristics and microstructure and resistance under cyclic loading after 
consolidation by surcharge and vacuum were carried out. The results were also compared 
with soil after conventional surcharge preloading.  
The soft clay deposits are not always uniform and thin layers of sand seam may be 
present between clay layers. In vacuum preloading projects with PVDs, if there are sand 
seam or any other highly permeable layer at the bottom boundary, PVDs are partially 
penetrated into the clayey deposit, to avoid vacuum pressure loss at the bottom drainage 
boundary. For soil deposit with bottom drainage boundary, the PVD penetration depth or 
the optimum depth of penetration of PVDs is not clearly understood. Centrifuge 
modelling technique was therefore employed to investigate the behaviour of soil deposit 
with sand seam beneath the PVDs subjected to vacuum preloading. 
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State of the art related to preloading techniques, issues related to PVDs and theories on 
radial consolidation problem, laboratory determination of horizontal coefficient of 
consolidation, the mechanism of vacuum preloading and the experimental studies to 
understand the behaviour of soft clay under vacuum preloading was reviewed in Chapter 
2. The studies related to centrifuge model testing of soft clay under vacuum preloading 
and the numerical modelling of the vacuum consolidation was also reviewed. 
The laboratory determination of coefficient of horizontal consolidation, ch, was 
presented in Chapter 3. The influence of vertical sand drain diameter on, ch, was studied 
by conducting inward radial consolidation tests using Rowe consolidation cell. The 
results of consolidation tests under radially inward flow and radially outward flow, were 
also compared. The results obtained from Rowe cell under radially inward flow were 
compared with those obtained from the modified one-dimensional consolidation cell. To 
validate the ch determination using modified one-dimensional consolidation cell, two field 
studies were also used. 
The experimental studies, carried out to understand the stress distribution and pore 
pressure dissipation during consolidation of clay under radial drainage (either inward 
flow or outward flow) was presented in Chapter 4. In order to gain more insights into the 
stress distribution and pore water pressure dissipation behaviour of soil under radial 
consolidation, numerical analysis of the same problem were carried out using the finite 
element code ABAQUS. 
The engineering properties of soil such as undrained shear strength, permeability, 
consolidation characteristics and microstructure and resistance under cyclic loading after 
vacuum consolidation were present in Chapter 5. The results were also compared with 
those from conventional surcharge preloading technique. 
Centrifuge model tests that were carried out to understand settlement, pore water 
pressure dissipation and vacuum distribution in the soil under vacuum preloading with 
sand seam beneath the PVDs were presented in Chapter 6. These centrifuge model tests 
were in-turn used to arrive at the optimum penetration depth of PVDs under vacuum 
preloading with sand seam beneath the PVDs through numerical analysis. The shear 
strength and water content of  the soil, before and after vacuum consolidation were also 
presented in this chapter. Numerical simulations of the centrifuge tests were carried out 
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using the finite element code ABAQUS. Three dimensional finite element analysis was 
carried out and calibrated against the results of centrifuge test results. Parametric studies 
were also performed to study the effect of coefficient of permeability and drain spacing 
ratio, n on the optimum penetration depth of PVDs in clay with sand seam under vacuum 
preloading. The suitability of the axi-symmetric finite element model to simulate the 
settlement and pore water pressure dissipation of soil deposit with sand seam beneath the 
PVDs subjected to vacuum preloading was also brought out in Chapter 6. 
7.2 CONCLUSIONS 
7.2.1 Determination of Coefficient of Horizontal Consolidation, ch 
 Coefficient of horizontal consolidation, ch, determined from inward radial flow 
tests towards a central sand drain depends on the diameter of sand drain. For  
50 mm diameter sand drain in 100 mm diameter clay specimen, ch values are 
57% - 74% lower than that from 10 mm diameter sand drain in 100 mm 
diameter clay specimen. 
 In radially inward flow test, the value of n should be at least 10, i.e. for a 60 
mm 1-D consolidation cell (IS: 2720 (Part-15)-1986), a central sand drain 
having a maximum diameter of 6 mm is recommended for reliable estimates of 
ch, which was confirmed by analysing two case studies.   
 The values of ch from outward radial flow test are 85% lower than the inward 
flow tests (with n = 10) for lower pressure range of 12.5-25 kPa. However, the 
difference is as much as 194% lower for higher pressure range of 100-200 kPa. 
 The ch value obtained from conventional consolidation cells are practically the 
same as those from Rowe's consolidation cell. Therefore, for all practical 
purposes, the conventional consolidation cells can be used for the laboratory 
determination of ch. 
 The outward radial flow consolidation test results were heavily affected by the 
side wall friction due to plastic peripheral drain. The interface friction, δ, 
between the porous plastic drain and the kaolin clay is very close to the angle 
of internal friction of the soil itself. Therefore, considerable friction occurs 
between the clay and the porous plastic drain, which can affect the value of ch. 
7.2.2  Properties of Soil after Surcharge and Vacuum Preloading 
 The consolidation properties like compression index (Cc), recompression index 
(Cr), coefficient of consolidation (cv) and secondary compression index (cα) are 
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practically the same after subjecting samples under vacuum consolidation or 
surcharge preloading. However, the vacuum preloaded samples showed slightly 
higher pre-consolidation pressure compared to the corresponding surcharge 
preloaded samples. 
 The surcharge preloaded sample showed higher anisotropy in permeability of 
1.2 to 2 compared to the corresponding vacuum preloaded sample, which has 
anisotropy of nearly 1. This implies that vacuum consolidation preserves the 
flocculated nature of soil, which has important bearing on engineering 
behaviour. 
 The vacuum preloaded sample showed 10% to 13% higher undrained shear 
strength in the vertical direction and 26% to 40% in the horizontal direction 
compared to the corresponding surcharge preloaded sample.  
 The surcharge preloaded sample in the vertical direction showed 7% to 45% 
higher pore water pressure build up compared to the corresponding vacuum 
preloaded vertical sample under cyclic loading. The surcharge preloaded 
sample in the horizontal direction showed 27% to 100%, higher pore water 
pressure build up compared to the corresponding vacuum preloaded sample. 
This in turn represents better resistance of vacuum preloaded samples under 
cyclic/dynamic loads compared to the surcharge preloaded samples. 
 Scanning Electron Microscope images showed that for lesser pre-consolidation 
pressures, the vacuum preloading results in more of flocculated structure and 
surcharge preloaded soil showed more of dispersed structure. 
7.2.3 Vacuum Consolidation with Sand Seam Beneath PVD 
 To get maximum settlement in a clay deposit with sand seam beneath the 
PVDs, the drains should penetrate upto 0.5 m short of the free draining sand 
seam.  
 The lower the permeability of the clay soil higher will be the settlement for the 
given PVDs penetration and vacuum pressure. The settlement increases by 4% 
for clay with permeability of 10
-10
 m/s and PVD penetration depth of 9.5 m in 
10 m depth of clay, when compared with clay having permeability of 10
-8
 m/s 
and with same PVD penetration depth. 
 To get the maximum settlement with sand seam beneath the PVDs, the drain 
spacing ratio, n, should be the minimum possible in the field, for the given 
PVDs penetration and vacuum pressure. 
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 The undrained shear strength profile of clay soil determined before and after 
vacuum preloading shows that the values of undrained shear strength are quiet 
within the range of 0.22 to 0.25 times the effective stress. 
 The axi-symmetric finite element model can be used to simulate the settlement 
and pore water pressure dissipation of clay with sand seam beneath the PVDs 
and under vacuum preloading. In addition, Barron's theory using unit cell 
concept is able to predict the time-settlement curve reasonably well. 
7.3 SCOPE FOR FUTURE WORK 
A few recommendations for future work based on the present thesis are:  
 The influence of vertical sand drain diameter on the laboratory determination 
of, ch, of kaolin clay was brought out through inward radial and out ward 
consolidation tests using modified one-dimensional consolidation cell. To gain 
more insights into the problem, similar experiments can be carried out on 
different clays having different consolidation properties. 
 The numerical model was unable to capture the stagnation of pore water 
pressure away from the drainage boundary in both inward and outward radial 
consolidation test and is showing complete dissipation pore water at those 
locations. Better constitutive model can be used to model the incomplete 
dissipation of pore water pressure. 
 The centrifuge tests were used to calibrate the numerical model and the 
numerical model was used to arrive at the optimum penetration depth of PVDs. 
It was found that, to get maximum settlement in a clay deposit with sand seam 
beneath the PVDs, the drains should penetrate upto 0.5 m short of the free 
draining sand seam. The same can to be verified through further centrifuge 
modelling and field studies. 
 Centrifuge modelling of vacuum preloading of soft clay with PVDs can be 
carried out to understand the settlement, pore water pressure dissipation, lateral 




CALIBRATION CURVES OF TRANSDUCERS 
A.1 CALIBRATION CURVES OF TOTAL STRESS AND PORE PRESSURE 
TRANSDUCERS IN WATER 
The saturation and calibration of pore pressure transducers (PPT) were done using the 
triaxial cell setup and the special adapter shown in Figure 4.10. The transducer that was 
mounted on the adapter (Figure 4.2) is attached to the special adapter. The transducer is 
connected to the automatic data logger, which in turn is connected to software for data 
collection. The adapter is connected to the triaxial cell and the cell was filled with water. 
The cell was pressurised under 300 kPa and the PPT was allowed to saturate for 3 hrs and 
then the pressure was released for 15 min. The cycle was repeated until the output of each 
PPT responded almost immediately to the applied pressure. The total stress transducers 
were also calibrated in the triaxial cell with application of cell pressure and recording the 
corresponding output from the transducer. The calibration curves of PPTs and TSTs are 
shown below. 
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A.2 CALIBRATION CURVES OF TOTAL STRESS TRANSDUCERS IN CLAY 
The total stress transducers were also calibrated in kaolin clay using the 150 mm diameter 
instrumented conventional consolidation cell. The procedure for calibration is similar to 
performing 1-D consolidation testing. The transducers were mounted onto the bottom of 
the consolidation cell and were connected to the automatic data logger, which in turn is 
connected to software for data collection. The calibration values of transducers obtained 
in water were used in this procedure. The clay slurry was prepared in the consolidation 
ring along with the collar and allowed to consolidate under 12.5 kPa. Then the sample 
was trimmed to height of 60 mm and placed in the loading frame. Incremental load 
consolidation test was conducted using a load increment ratio of 1.0. Sufficient time was 
allowed for the consolidation to be over during which the output from the transducers are 
recorded for each pressure increment using the automatic data logger. The calibration 
plots of total stress transducers are given below. 
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CALIBRATION CURVE OF TRANSDUCERS 
B.1 CALIBRATION CURVE OF PORE PRESSURE TRANSDUCERS 
The PPTs were calibrated using GE Pressure calibrator. Druck PDCR-81 PPTs has a safe 
excitation voltage of 5V while TML KPE-500KPB PPTs has a safe excitation voltage of 
2 V. The PPT was plugged into the calibration box and supplied with the required 
excitation voltage. The transducer end was inserted into the GE pressure calibrator and 
the air pressure was applied in stages while noting down the output voltage in each stage. 
PPTs were calibrated in both the  positive and negative pore water pressure ranges. At 
least three cycles were carried out for calculation. Linear regression was carried out to 
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B.2 CALIBRATION CURVE OF VACUUM PRESSURE TRANSDUCER 
A GE vacuum transducer was used to monitor the applied vacuum pressure in the vacuum 
chamber.  It can measure air pressure ranged between -100 kPa and 200 kPa. It has a safe  
excitation voltage of 10 V. The transducer was calibrated before test, using GE Pressure 
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